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Introduction  
 
Light from the Sun is a source of energy, information and stress for living 
systems. The abundance and diversity of life on Earth ultimately depends on the 
energy provided by the Sun via the photosynthetic process which powers the 
phototrophic cells. In addition, light provides images to the animal eyes, and 
controls movement, growth, differentiation and development, circadian timing, 
and a multitude of gene-expression responses in diverse organisms, from the 
simplest unicellular microorganisms to the higher plants and animals. Excess of 
light is harmful for living systems because in principle it can damage DNA and 
induce the formation of dangerous oxygen species in the photochemical reaction 
centers. The first organisms to inhabit the Earth were chemoautotrophs that 
emerged more than ~3.8 billion years ago from their dark inorganic confines (1). 
Chemoautotrophs (or chemotrophic autotroph), in addition to deriving energy 
from chemical reactions using inorganic energy sources, synthesize all necessary 
organic compounds from carbon dioxide. Phototrophic cells performing 
photosynthesis have appeared ~3.5 billion years ago. It is likely that light on 
earth constituted a source of stress before being used as a source of energy by 
non-photosynthetic living systems. What was the response of the first cells 
exposed to the sunlight? Photodetection or photosynthesis? The answer is not 
known thus we can only speculate. Photoreceptors are widespread and 
conserved. They are found in all the kingdom of life which indicates that these 
molecules must have a very ancient origin. Moreover, some photoreceptors use a 
flavin chromophore to detect light (LOV and BLUF containing photoreceptors). 
Flavins have a widespread occurrence in many cellular processes and belong to 
the earliest cofactors bound to proteins together with ATP and NAD and analogs 
(2). It is likely that light detection by photosensory receptors is the first light-
related process to have appeared and has been followed by the appearance of the 
antenna pigment-proteins used by photosynthetic organisms to harvest light. It 
may well be that photoreceptors and the antenna pigment-proteins have appeared 
and evolved in parallel before being found together in photosynthetic organisms. 
Light harvesting complexes and photoreceptors convert the photon energy into 
chemical energy and language, respectively. Those two mechanisms are 
interdependent in photosynthetic organisms. Photosynthetic organisms collect as 
much light as possible using an antenna made up of pigments attached to special 
proteins to transform it into chemical energy, powering the cell. Photoreceptors, 
such as phototropins, are efficient molecular machines involved in the regulation 
of photomorphogenesis that serve to optimize the photosynthetic efficiency of 
plants and promote growth. However, light can also constitute a source of stress. 
During the course of evolution to cope with this problem photosynthetic 
organisms have designed several efficient strategies. Within the light harvesting 
architecture of photosynthetic organisms carotenoids, besides their structural and  
1 
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light harvesting function, are essential to minimize the formation of the damaging singlet 
oxygen. Several mechanisms are in play, the chlorophyll triplet quenching, the oxygen 
scavenging and heat dissipation by non-photochemical quenching (NPQ). In addition, in 
plants, photoreceptors such as phototropins can trigger chloroplast relocation and leaf 
movement to reduce photodamage due to excessive light intensity. Interestingly, in 
cyanobacteria the heat dissipation mechanism via NPQ is triggered by the activation of a 
photoreceptor.  
 
The first part of this thesis describes new carotenoid-related photoprotection mechanisms: (i) 
the chlorophyll triplet quenching (Chapters 2 and 3) in dinoflagellates and (ii) the heat 
dissipation triggered by a newly discovered photoreceptor in cyanobacteria, the OCP (orange 
carotenoid protein) (Chapter 4). The four final chapters (5, 6, 7 and 8) focus on the molecular 
mechanisms of the photocycle e.g. photoreception, signal propagation and dark recovery of 
Avena sativa phototropin 1 LOV2 domain from plant. Phototropins undergo structural 
changes upon absorption of a blue photon responsible of its kinase activity and downstream 
signal transduction converting captured photon energy into a chemical language which 
controls the behavior of its host, the plant. 
 
 
 
1-1/ Photoprotection mechanisms in Peridinin Chlorophyll Proteins. 
The Chlorophyll triplet quenching by peridinin.   
 
Photosynthesis is the process by which some terrestrial and marine organisms acquire energy 
from sunlight and transform it into chemical energy (organic compounds) (3). Life on earth 
began roughly ~3.8 billion years ago (4), with some cyanobacterial species being the first 
photosynthetic organisms to appear. Accumulation of oxygen in our atmosphere has thus been 
possible due to the presence of these organisms, capable of performing oxygenic 
photosynthesis. Later the appearance of higher plants led to the production of organic 
compounds which constitute the basic source of energy for most living organisms. The 
photosynthetic process and, therefore the abundance and diversity of life on Earth, ultimately 
depends on the energy provided by the Sun. Photosynthetic organisms use antenna pigment-
proteins to harvest light. Absorbed solar energy is transferred to the reaction center (RC) 
where it is converted into an electrochemical gradient, which is used to synthesize ATP, 
powering the cell (5). Together with (Bacterio)Chlorophyll ((B)Chl) carotenoids are the main 
pigments of photosynthesis. In addition to their structural involvement in the antenna 
architecture, carotenoids have a dual function namely light harvesting and photoprotection 
(6). They harvest light in the blue –green spectral region where (B)Chl absorbs weakly thus 
increasing the absorption cross-section of the light harvesting system where sunlight is 
optimal. Carotenoid excitation is followed by ultrafast energy transfer to (B)Chl with a high 
efficiency (7-13). (B)Chl intersystem crossing (ISC) may lead to triplet formation, the 
efficiency of which depends on the excited state lifetime. The long-lived (ms timescale) 
(B)Chl triplet reacts with ground state oxygen (which is a triplet state) to produce the highly 
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reactive oxygen singlet (1O2) (14). In light harvesting complexes (LHC), this process 
competes with fast (ns timescale) (B)Chl triplet excitation energy transfer to the carotenoid 
thereby (14) avoiding formation of 1O2 and ultimately the destruction of the light harvesting 
apparatus. In addition, carotenoids are also able to scavenge singlet oxygen. 
Singlet oxygen can be formed by the quenching of chlorophyll triplet states:  
 
3Chl-a* + 3O2 → Chl-a + 1O2*  (singlet oxygen formation) 
 
To prevent this reaction, carotenoids with their low-lying triplet states quench long-lived 
chlorophyll triplets (6, 15-19) and scavenge singlet oxygen (20): 
 
3Chl-a* + Car → Chl-a + 3Car*  (chlorophyll triplet quenching) 
1O2* + Car → 3O2 + 3Car  (singlet oxygen scavenging) 
 
A good model to study this photoprotection mechanism is the water soluble LHC from the 
dinoflagellate Amphidinium carterae, A-PCP. The 2.0 Å crystal structure of A-PCP reveals a 
trimeric arrangement (Figure 1). The protein is mainly composed of α-helices structure and 
surrounds a hydrophobic cavity in which besides the pigments also two lipids are bound.  
 
Figure 1: Top view of the PCP trimer structure. 
 
The A-PCP monomer contains 2 Chlorophyll-a and 8 Peridinins. The molecular structures of 
Chlorophyll-a (Chl-a) and peridinin (Per) are shown Figure 2A and 2B. In each half of the 
PCP monomer one Chl-a is closely surrounded by 4 Per (Figure 2C) (21, 22) leading to high 
efficiency for both light harvesting and photoprotection (23, 24). The N- and C-terminal 
halves of the polypeptide to which the two clusters of pigments are bound form almost 
identical domains related by a pseudo two-fold symmetry axis. PCP most likely functions as a 
LHC that transfers its energy mainly to the PSII RC complex (25, 26). Since the latter 
complex is located in the photosynthetic membrane, transfer has to occur from a water-
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soluble complex to a membrane bound complex. As no specific binding site has been 
identified so far, PCP could in principle either transfer its energy directly to the PSII RC or 
indirectly via the membrane bound Chl-a/c complex, which is an analog of LHCII of green 
plants. Per has a unique molecular structure constituted of an allene moiety and a lactone ring 
in conjugation with the π-electron system of the carotenoid backbone, an epoxy group with a 
secondary alcohol group on one beta-ring and an ester group located on the opposite beta-ring 
with a tertiary alcohol group (Figure 2B). The structural differences between Per and other 
carotenoids are most likely related to its specific function in PCP. In contrast to most 
photosynthetic LHCs, the carotenoid (Per), and not Chl-a, is the main light-absorbing pigment 
in PCP. Per’s unusual structure and especially its conjugated lactone carbonyl confers a high 
plasticity of absorptivity and reactivity to this carotenoid, for instance by mixing CT states 
with the lower excited states (7, 27-31).  
 
Per 612
Per 613
Per 611
Per 614
Chla 601
B
C
 
A
 
 
Figure 2: Molecular structure of Chl-a (A) and Per (B). Pigments organization, one Chl-a (black) 
surrounded by 4 Per (grey) (C).  
 
A different dinoflagellate species Heterocapsa pygmaea uses a LHC closely related to A-
PCP, H-PCP. H-PCP has the same pigment stoichiometry as A-PCP but its peptide unit is 
about half the size of that of A-PCP and contains only half the number of pigments (32-34). 
The overall identity of the H-PCP monomer with that of the N and C terminal domains of A-
PCP is about 70% (33). 3-D Modeling of the H-PCP sequence on the high-resolution x-ray 
structure of A-PCP has shown only major differences in the trimer interface (33). In nature, 
H-PCP is found as a dimer. Thus, the A-PCP monomer can be considered as the covalent 
equivalent of the H-PCP dimer and the pigment conformation in both systems should be very 
similar. This view is supported by the high similarity of the spectroscopic properties (Abs, 
CD, T-S spectra) of the two complexes (35). 
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1-2/ Heat dissipation mechanism in cyanobacteria: The Orange Carotenoid 
Protein. 
 
The photoprotective processes of photosynthetic organisms involving the dissipation as heat 
of the excess of absorbed energy in the antenna of the Photosystem II are collectively known 
as non-photochemical quenching (NPQ). In this mechanism there is a decrease in the amount 
of energy funneled to the reaction center with a concomitant reduction in the amount of 
reactive oxygen species generated. NPQ is well characterized in plants (36-38). In plants, the 
carotenoid-based photoprotection in PSII is triggered by acidification of the thylakoid lumen 
under saturating light conditions. This process involves interconversion of specific LHC 
carotenoids (39, 40), the protonation of a PSII subunit (PsbS) (41, 42) and conformational 
changes in the LHCII, modifying the interaction between chlorophylls and carotenoids (43-
45). In contrast to our understanding of NPQ processes in plants, until recently relatively little 
was known about the mechanisms of photoprotection in cyanobacteria which play a key role 
in global carbon cycling. There is a fundamental difference between the LHCs of the 
cyanobacteria and that of eukaryotic photosynthetic organisms. The main cyanobacterial light 
harvesting antenna, the phycobilisome instead of being transmembrane LHCs, containing 
chlorophylls and carotenoids, consists of soluble phycobiliproteins and linker proteins that 
form a complex (core and rods) attached to the outer surface of thylakoid membranes (Figure 
3). The rod pigments (principally phycocyanin and phycoerythrin) transfer the absorbed 
energy to the allophycocyanin core which contains two terminal energy acceptors, LCM and 
APCαΒ (46, 47) before transfer to PSs (48, 49).  
 
 
Figure 3: Schematic structure of the phycobilisome attached to the outer surface of a thylakoid 
membrane. 
 
The water soluble Orange Carotenoid Protein (OCP), found in most cyanobacteria, has been 
structurally characterized and has recently emerged as a key player in cyanobacterial 
photoprotection. Photoprotection in cyanobacteria is induced by intense blue-green light (400-
550 nm) and results in a specific decrease of the fluorescence emission of the phycobilisomes 
OCP photoreceptor and cyanobacteria photoprotection
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and a decrease of the energy transfer from the phycobilisomes to the RCs (50, 51). In the 
absence of the OCP, the NPQ induced by strong white or blue-green light in Synechocystis 
PCC6803 cells was completely inhibited and, as a consequence, the cells were more sensitive 
to light stress (52). Studies by immuno-gold labelling and electron microscopy showed that 
most of the OCP is present in the inter-thylakoid cytoplasmic region, on the phycobilisome 
side of the membrane (50). The existence of an interaction between the OCP and the 
phycobilisomes and thylakoids was supported by the co-isolation of the OCP with the 
phycobilisome-associated membrane fraction (50, 51, 53). The crystal structure of the OCP 
from Arthrospira maxima has been solved to 2.1 Å resolution (54) and is shown Figure 4a.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4a: Structural model of OCP. The N-ter (white, right) and C-ter (black, left) domains bind the 
carotenoids 3’-hydroxyechineone (gray). A N-terminal helix turn motif is packed against the β-sheet 
surface of the C-terminal domain.  
 
OCP is composed of two domains and the carotenoid, 3’-hydroxyechineone, spans both. The 
carotenoid is almost completely buried within the protein. The OCP is a dimer in solution; the 
intermolecular interactions are largely mediated by hydrogen bonding among the N-terminal 
30 amino acids. The N-terminal domain of the OCP is an orthogonal alpha helical bundle, 
subdivided into two four-helix bundles. To date, the OCP N-terminal domain is the only 
known protein structure with this particular fold (Pfam 09150). The hydroxyl terminus of the 
3’-hydroxyechinenone is nestled between the two bundles. The C-terminal domain is a 
member of the nuclear transport factor II (NTF2; Pfam 02136) superfamily, a group of α/β 
folds that form a five-stranded β−sheet with a deep hydrophobic pocket. Interestingly, in 
Thermosynechococcus elongatus and Crocosphaera watsonii, the two domains of the OCP 
occur as separate entities suggesting that in the evolutionary history of the OCP, a gene fusion 
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has occurred. Several cyanobacterial genomes have multiple copies of genes for the N-
terminal domain and a single copy of the gene for the C-terminal domain. In addition, in some 
organisms, multiple paralogs (homologous sequences found in a genome due to gene 
duplication) for only the N-terminal domain are scattered throughout the genome. These 
putative modular full length OCPs, containing a unique C-terminus combined with different 
N-terminal domains, are reminiscent of the modular assembly of LOV (Light Oxygen 
Voltage) domain-containing proteins. Among the different kingdoms of life LOV domains 
serve as an input light sensing domain connected to very diverse functional groups (55). By 
analogy, this suggests that in the OCP the conserved C-terminal NTF2 domain of the OCP 
serves as the input through which the signal is propagated to the different N-terminal 
modules. Interestingly, the LOV domain; which is a member of the PAS fold superfamily and 
the NTF2 domain of the OCP share some structural similarities. Each contains a structural 
core of a 4-5 stranded β−sheet on which the chromophore is connected via conserved H-
bonds. Light-mediated signalling in PYP, in the BLUF and in the LOV domains relies on a 
conformational change in the protein mediated by changes in hydrogen bonding (56-58). By 
analogy, alteration of hydrogen bonding patterns could be one means to propagate the light-
responsive signal to the surface of the OCP. There are two hydrogen bonds to the keto oxygen 
of the 3’-hydroxyechinenone via invariant C-terminal residues Tyr 201 and Trp 288 (Figure 
4b).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4b: 100% conserved Tyr and Trp interacting with the carotenoid in OCP. 
 
Tyr 201 is further hydrogen bonded to the main chain atoms of Leu 205 and Thr 197; the 
latter residue is conserved and surface exposed. Trp 288 is hydrogen bonded to the invariant 
residues Val 269 and Phe 290, these residues in the strands of the β−sheet are surface 
exposed. The surface accessibility of the hydrogen bonded residues poises them to 
communicate the status of the chromophore to the surface of the OCP. Likewise, in LOV 
domains of plants and fungi, light driven structural changes in the chromophore result in a 
hydrogen bond switch that causes β−sheet motion and subsequent displacement of a small 
segment of alpha helix which is packed against the β−sheet in the resting state (59-63). The 
hydrogen bond that is altered is between the flavin mononucleotide chromophore and the side 
chain of a conserved Gln, which belongs to the central strand of the LOV β−sheet. An 
analogous mechanism is possible for OCP via the hydrogen bond between the 3’-
Y201
W110
Y44W288
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hydroxyechinenone C=O and Trp 288. Trp 288 is part of the central strand of the β−sheet of 
OCP’s C-terminal domain. Light triggered conformational changes of the 3’-
hydroxyechinenone could alter the strength of this hydrogen bond. This, as in LOV domains, 
could influence the conformation of the central β−sheet, affording a signal propagation 
pathway from the carotenoid to the surface of the OCP. Furthermore, as in the LOV domains, 
a short alpha-helix from the N-terminus of the protein interacts with the central β−sheet of the 
OCP. In a mechanism analogous to the signal triggering in the LOV domain caused by the 
displacement of this helix (61, 62), light-induced changes in the equilibrium of bound and 
unbound state of this N-terminal helical motif could underlie the signalling/quenching switch 
in OCP. The absorption of blue-light by the carotenoid could induce a conformational change 
in the carotenoid (even a relatively small change, not necessarily a full trans-cis change) that, 
due to its locked conformation (54, 64), will induce a subsequent change in protein 
conformation. This “activated,” OCP, through interaction with the core of the phycobilisome, 
could elicit an alteration of the phycobilisome structure leading to the quenched state. 
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1-3/ Blue light photoreceptor.  
 
Plant response to light.  
Environmental cues have an extensive regulatory influence on the growth and development of 
plants and one of the most important environmental factors is light. Light is not only an 
energy source for photosynthesis but also a stimulus that regulates numerous developmental 
processes, from seed germination to the onset of flowering. Collectively, these light-
dependent responses are known as photomorphogenesis. Several classes of photoreceptors 
that absorb light in two spectral regions act to control photomorphogenesis. Phytochromes 
(phy) predominantly absorb red and far-red light (600–800 nm) and mediate a wide range of 
photomorphogenic responses (65, 66). Two distinct classes of photoreceptors mediate the 
effects of UV-A/blue light (320–500 nm): the cryptochromes and the phototropins (67). 
Cryptochromes (cry), like the phytochromes, play a major role in plant photomorphogenesis 
(68, 69). Phototropins (phot), on the other hand, are involved in regulating light-dependent 
processes that serve to optimize the photosynthetic efficiency of plants and promote growth 
(70, 71). 
 
Physiological function of phototropins. 
Phototropins are ubiquitous in higher plants and have been identified in several plant species. 
Arabidopsis contains two phototropins designated phot1 and phot2 (Figure 5A). Phot1 and 
phot2 exhibit partially overlapping roles in regulating phototropism (72). Both phot1 and 
phot2 act to regulate hypocotyl phototropism in Arabidopsis in response to high intensities of 
unilateral blue light (73). In contrast, hypocotyl phototropism under low light conditions is 
solely mediated by phot1 (73-75). Besides phototropism, phot1 and phot2 mediate other light 
responses in Arabidopsis that serve to regulate and fine-tune the photosynthetic status of 
plants. Blue light induces through phot1 and phot2 (76) the opening of stomatal pores in the 
leaf and stem epidermis, a response that allows plants to regulate CO2 uptake for 
photosynthesis and water loss through transpiration. Under low light conditions, phot1 and 
phot2 induce chloroplast accumulation movement to the upper cell surface to promote light 
capture for photosynthesis (73, 77). In high light conditions only the phot2 response (78, 79) 
induces the chloroplasts to move away from the site of irradiation (77) to prevent 
photodamage of the photosynthetic apparatus in excess light (80). Likewise, the rapid 
inhibition of hypocotyl elongation of darkgrown seedlings by blue light is controlled 
exclusively by phot1 (81). Phototropins also promote cotyledon expansion (82) and leaf 
expansion in Arabidopsis (83). In addition, a possible role for phototropins in controlling the 
light-stimulated leaf movement in kidney bean was recently reported (84). Interestingly, in 
lower plants, such as the fern Adiantum capillus-veneris, besides containing two phototropins 
(85, 86) a novel photoreceptor neochrome has been found, named phy3 (87). Phy3 is a 
chimeric protein containing a phytochrome photosensory domain fused to the N-terminus of 
an entire phototropin receptor. Neo is required for phototropism and chloroplast relocation in 
Adiantum (88), both of which are regulated by red and blue light in this organism. Notably, 
LOV domains photoreceptors 
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whereas the function of Chlamydomonas phot is distinct from its higher plant counterparts i.e. 
gametogenesis, the gene encoding Chlamydomonas phot can restore phototropin mediated 
responses in the phot1 phot2 double mutant of Arabidopsis (89), indicating that the 
mechanism of action of higher and lower plant phototropins is highly conserved. 
 
LOV2 is the principal sensing domain in phototropins.  
Phototropins are light-activated serine/threonine protein kinases. Light sensed by the 
phototropins is mediated by two LOV domains, LOV1 and LOV2. Each binds a flavin 
mononucleotide (FMN) chromophore that constitutes the light-sensitive locus (Figure 5A). 
Photoexcitation of the LOV domain results in receptor autophosphorylation and an initiation 
of phototropin signalling (Figure 5B). LOV2 is the principal light sensing domain for 
phototropism. LOV1 photoreactivity is not sufficient to elicit phot1 autophosphorylation and 
phot1-induced phototropic curvature (90). Thus, at least for phototropism, LOV2 is essential 
for phot1 function in Arabidopsis. Similarly, the LOV2 domain of phot2 is sufficient to 
mediate chloroplast avoidance movement in Adiantum (85). Whereas LOV2 plays an 
important role in regulating phototropin activity, the exact role of LOV1 remains unknown. 
LOV1 may play a role in receptor dimerization (91, 92) and prolong the lifetime of 
phototropin receptor activation (85). Light-induced phototropin kinase activity requires LOV2 
photoreactivity (90, 93). Therefore, LOV2 can be viewed as a molecular light switch that 
controls the activity of the C-terminal kinase domain. Collective alignments of LOV1 and 
LOV2 domains from all phototropins identified to date reveals the presence of a very 
conserved C-terminal segment associated only with LOV2. It is located outside the LOV2 
domain and involved in the linker region between LOV2 and the kinase domain. Nuclear 
magnetic resonance (NMR) studies involving extended LOV2 fragments derived from oat 
phot1 have identified a conserved α–helix (designated Jα) that associates with the surface of 
LOV2 in the dark state (60). The Jα-helix is located at the C-terminus of LOV2 and is 
amphipathic in nature, consisting of polar and apolar sides, the latter of which docks onto the 
β–sheet strands of the LOV2-core (Figure 5C). The interaction between Jα and LOV2 is 
disrupted upon cysteinyl adduct formation. The Jα-helix becomes disordered and more 
susceptible to proteolysis (60). Independent approaches provide further support for light 
induced helical movements associated with extended LOV2 fragments (94-96). Moreover, 
artificial disruption of the LOV2-Jα interaction through site-directed mutagenesis results in 
phot1 autophosphorylation in the absence of light (61), indicating that unfolding of the Jα-
helix results in activation of the C-terminal kinase domain.  
 
LOV domains.  
Light, Oxygen or Voltage (LOV)-domains are flavin-binding photoreceptors that belong to a 
broad superfamily of proteins commonly known as PAS-domains (97, 98). PAS-domains 
consist of approximately 120 amino acids and are ubiquitous in nature, playing key roles in 
many sensory and regulatory processes, from light sensing in plants, algae, fungi and bacteria, 
oxygen sensing in bacteria (99, 100) to potassium channel regulation in the human heart 
(101). Over 90 prokaryotes proteins contain LOV domains connected to very diverse 
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functional groups (55). Four members of the class LOV-histidine kinase from a plant 
pathogen (Pseudomonas syringae), an animal pathogen (Brucella melitensis) and two marine 
bacteria (Erythrobacter litoralis) mediating light-activated histidine phosphorylation have 
been recently characterised. Given the wide spreaded occurrence of these LOV-domain 
proteins, and the fact that they are of ancient origin and have persisted in highly conserved 
form, it is likely that they do play an important function in monitoring and responding to light 
signals (55).  
Most LOV domains bind flavin mononucleotide (FMN) as a chromophore. At present, three 
structural models of LOV domains are available: the X-ray structure of Adiantum phy3LOV2 
(102), the X-ray structure of Chlamydomonas phot-LOV1 (103), and the NMR and X-ray 
structure of Avena sativa phot1-LOV2 (60, 62). The structure of the Adiantum LOV2-domain 
in its dark state is shown in Figure 6A. It reveals the typical PAS-fold, consisting of a five-
stranded antiparallel β-sheet, flanked by a helix-turn-helix motif, a single helical turn, and a 
connector helix. 
 
 
A B
C
 
 
Figure 5: (A) Protein structures of Arabidopsis phot1 and phot2 multidomains protein. Light-sensing 
LOV domains are input domains and the serine/threonine kinase domain constitutes the output domain. 
(B) Schematic representation of phototropin receptor activation. Light absorption by the LOV domains 
results in receptor autophosphorylation. (C) Model of AsLOV2 as determined from NMR-based 
constraints and homology modeling from Harper et al. 2003 (60).  
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Figure 6: (A) Structural model of LOV domain. (B) FMN structure in the dark state, D447. (C) FMN 
structure in the light state, S390.  
 
The FMN chromophore is noncovalently held in place by polar interactions with the 
pyrimidine moiety and nonpolar interactions with the dimethylbenzene ring, and further 
tethered to the apoprotein via a number of hydrogen bonds (102, 104, 105). In the dark state a 
LOV domain absorbs maximally around 447 nm and is named D447 (Figure 6B). Upon blue-
light illumination, LOV domains undergo a photocycle that leads to the formation of a long-
lived species with a prominent absorption band at 390 nm, referred to as S390 (Figure 6C). 
The adduct state absorption spectrum is characterized by an overall blue-shift relative to 
D447: the S1, S2 and S3 absorption bands shift from 450, 360 and 270 nm to 390, 305 and 240 
nm in Avena sativa LOV2 (106). The X-ray structures of Adiantum phy3LOV2, 
Chlamydomonas phot-LOV1 and Avena sativa phot1-LOV2 exhibited an obvious 
displacement of the sulfur atom of the conserved cysteine side chain toward and within 
covalent bonding distance of the FMN-C(4a) atom. Moreover, FMN-C(4a) adopted a 
tetrahedral geometry due to the adduct sp3 hybridization state (103, 107), as shown in Figure 
6C. 
 
The LOV domain photocycle. 
The primary photophysical event after photon absorption involves intersystem crossing from 
the FMN singlet excited state to the triplet state with a high efficiency of ca. 50 - 90% (106, 
108-112) which takes place in 2 to 3 ns. From the FMN triplet state which maximally absorb 
at 660 nm (L660), a covalent thio-adduct is formed between a conserved nearby cysteine 
residue and the C4a atom of FMN (102, 103, 107, 113-115) with a yield ranging from 50 to 
~100% and proceeds in 0.5 to 4 µs. The presence of the conserved cysteine at about 4 Å of 
the FMN (62, 102, 103) is responsible for a shortening of the singlet-excited state lifetime by 
a factor of 2-3 as compared to FMN in solution (108) or cysteine-less mutants (110, 116). 
Thus, the ISC rate is enhanced in LOV bound FMN, most likely due to a heavy-atom effect of 
the cysteine sulfur near the flavin isoalloxazine ring (103, 108, 110). The proximity of the 
cysteine to the isoalloxazine ring thus not only provides the structure that enables formation 
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of a covalent adduct, but also facilitates the rapid electronic formation of the reactive FMN 
triplet state.  
D447
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Figure 7: LOV domain photocycle. τ denotes boundaries for measured time constants, 
Φ denotes boundaries of reported reaction yields in various LOV domains. 
 
The thermal recovery of the dark state proceeds rather slowly in LOV domains, and varies 
between a few seconds for Arabidopsis phot2-LOV2, to tens of seconds or minutes in most 
plant and algal phototropin LOV domains, to several hours for the Bacillus subtilis YtvA 
LOV protein and Adiantum phy3LOV1 (96, 106, 109, 111, 113). In fact the Arabidopsis 
FKF1 and ZTL clock proteins never recover after illumination (117). Phot2-LOV2 
consistently has shorter lifetimes than phot1-LOV2, which may be related to phot2’s function 
of measuring higher fluences than phot1 (72). Interestingly, the full-length phototropin 
photoreceptor, as well as LOV1+LOV2 tandem proteins exhibit dark recovery times that are 
significantly longer than the isolated domains, indicating that LOV1 and LOV2 interact to 
retard the dark regeneration to the ground state (118). Iwata et al. proposed that the recovery 
rate was related to the amplitude of the protein conformational changes that follow adduct 
formation (96). In addition, a base-catalyzed mechanism for adduct cleavage was proposed, 
by which the proton at the N5 site of FMN would be abstracted by a basic group somewhere 
in the protein (106) (103, 109). The adduct decay slowed down by a factor of 3 upon H/D 
exchange, which suggests that the basic group could be in contact with the chromophore via a 
network of hydrogen bonds. In addition, near-UV light is capable of breaking the covalent 
adduct in phy3LOV2. It occurs in 100 ps with a quantum yield of about 0.25 (119). A similar 
light-driven back reaction was proposed for the Chlamydomonas LOV1 and LOV2 domains, 
albeit at a lower yield (109, 120, 121). 
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Mechanisms of adduct formation.  
In contrast to the consensus that appears to exist on the spectroscopically distinguishable 
intermediates in the LOV photocycle, the mechanism by which covalent adduct formation 
occurs in the LOV domains is a matter of considerable debate. Broadly speaking, two reaction 
mechanisms for adduct formation have been put forward: (1) an ionic mechanism and (2) a 
radical-pair mechanism.  
In the ionic mechanism promotion of the flavin to the triplet state leads to a migration of 
electron density from the N1 to the N5 atom of the flavin chromophore, thereby increasing 
the electronegativity of the N5 site and decreasing that of C(4a) (102, 106, 122). According to 
the ionic model, which is schematically depicted in Figure 8 (upper panel), the sharply 
increased basicity of N5 in the FMN triplet state triggers its protonation. This event would 
change the double-bond of N5=C(4a) to a single bond, leaving a very reactive carbo-cation at 
the C(4a) position. This site would have a sp3 hybridization, which would decrease the 
distance to the cysteine, which could be important in the progress of the reaction. 
Subsequently, a nucleophilic attack by the cysteine thiolate on the C(4a) carbo-cation occurs, 
leading to formation of the covalent FMN-C4a-thiol adduct. These events could occur 
sequentially (108) or in a concerted fashion (102, 103). In any of these cases, the sharp 
increase in the pKa of N5 upon triplet formation is the switch that drives the photoreaction by 
proton abstraction of a nearby donor.  
Kay et al. discussed the unlikelihood of an ionic mechanism for adduct formation by noting 
that in such case, the covalent adduct has to be formed in its triplet state, which would be 
energetically highly unfavorable. A direct formation of the adduct singlet ground state from 
the FMN triplet state would be a spin-forbidden process, and, if preceded by a triplet-to-
singlet transition to the FMN ground state, they argued that the FMN would deprotonate 
rapidly before the adduct could be formed. Instead, by observing FMNH• neutral semiquinone 
radicals in cysteine mutants of Avena sativa phot1-LOV2, these authors proposed that adduct 
formation proceeds via a radical-pair mechanism (123), schematically represented in Fig. 8 
(lower panel). Upon promotion of the FMN chromophore to the triplet state, a hydrogen 
would be transferred from the conserved cysteine to the N5 of the flavin, resulting in a 
FMNH• - H2C-S• radical pair. In the neutral flavin semiquinone radical, the unpaired electron 
density resides at the C(4a) atom. Such a radical pair would be formed in a triplet 
configuration, however, the close proximity of the (heavy-atom) sulfur radical to the 
isoalloxazine ring causes a strong spin-orbit coupling, inducing a rapid triplet-singlet 
interconversion. Once the radical pair obtains an appreciable singlet character, radical-pair 
recombination between the H2C-S• and unpaired electron at C(4a) takes place to result in the 
FMN-C4a-thiol adduct. In the context of the proposed mechanism, the trigger for adduct 
formation could either be an electron transfer from the cysteine to the flavin, followed by 
proton transfer, or a concerted mechanism whereby a net hydrogen transfer from the thiol to 
the flavin takes place (123-126). 
It is difficult to obtain direct spectroscopic evidence for the proposed radical-pair mechanism 
since little flavin radical character has been observed in the photocycle of LOV domains (106, 
108, 109, 116) However, by their nature, such radicals would be short-lived intermediates 
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between the flavin triplet and the covalent adduct states, and thus easily escape detection. 
Interestingly enough, time-resolved Raman and laser flash photolysis studies of free FMN 
have shown that at low pH, the protonated triplet state can be reduced to form the neutral 
semiquinone radical (127). Thus, the rate-limiting step in the radical-pair mechanism may 
actually be a proton transfer reaction, as it necessarily is in the ionic model. The reported 
FMN triplet-state protonation (108) and the 5-fold slowdown of the adduct formation upon 
deuteration (94) are therefore consistent with both proposed mechanisms. Obviously, the 
question which reaction mechanism governs adduct formation in LOV domains is far from 
settled. More detailed studies that aim to address the transient local structures on the nano- to 
microsecond timescales of the LOV domain and its site-directed mutants will be the key to 
resolve this issue.  
 
 
 
 
Figure 8: Proposed reaction mechanisms for light-driven covalent flavin-C(4a)-cysteinyl adduct 
formation in LOV domains; (upper) the ionic mechanism; (lower) the radical-pair mechanism. 
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1-4/ Experimental methods. 
 
Steady state and Time-resolved infrared spectroscopy.  
To monitor molecular reaction dynamics and mechanisms of light harvesting complexes 
(PCP) and photoreceptors proteins (LOV domain) the main spectroscopic technique used in 
this thesis is infrared difference absorption spectroscopy. Infrared spectroscopy detects the 
vibrational characteristics of the chemical functional group in a sample. The absorbance or 
optical density (OD) of a sample at a certain wavenumber (υ) is defined by: 
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where I0 is the incident light intensity and I the transmitted light intensity. Characterization of 
irreversible reactions or stable and long-lived intermediates (second to minute time scale) can 
be performed in the steady-state using FTIR spectroscopy by the performance of infrared 
difference spectroscopy. Doing so, one can select the absorbance bands of the protein and 
chromophores groups that are involved in the photo-induced reaction out of the background 
absorbance of the whole sample composed of protein, chromophore and solvent vibrational 
modes. In this case one can gain information at the molecular level about the vibrational 
frequencies of the molecular bonds affected by the photoconversion process going from an 
inactive state (dark state) to an active state (light state). The optical density of the sample is 
measured in the dark, then the sample reaction is initiated with light of appropriate energy 
(continuous illumination or a laser pulse) and the optical density of the sample is measured in 
the presence of illumination. The light-induced changes in infrared absorption are obtained by 
applying the following equation: DarkLight ODODOD )()()( υυυ −=Δ . The obtained difference 
spectrum contains negative and positive bands characteristic of the dark (inactive) and light 
(active) state respectively and is called a Light-minus-Dark spectrum (L-D spectrum) as 
shown in Figure 9. Highly sensitive instrumentation is required to reliably measure such 
changes (ΔOD), which are of the order of 10-3 to 10-4 absorbance units. This technique is 
suitable for many proteins, including membrane proteins with sizes up to 100 000 Daltons 
with a very high sensitivity (128). Combining this technique with the use of low temperature 
can be made to trap metastable intermediates of the reaction as their lifetime becomes 
infinitely long. It is of interest to note that sample dehydration can also trap light-induced 
protein structural changes intermediates in photoreceptors such as PYP and LOV domains. 
Using this latter technique only certain intermediates of the reaction can be trapped 
(metastables ones, excluding excited states) and it is often debated if the low temperature 
intermediates are identical to those that should be observed when the reaction proceeds in 
physiological conditions, at room temperature. In addition, such measurements do not 
produce any information about the time-evolution of the reaction, e.g. dynamic and lifetimes 
of such intermediates, but only the changes undergone from an initial to a final state.  
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To gain information about the dynamics of the system time-resolved infrared spectroscopy 
has to be used. Characterization of unstable and short-lived reaction intermediates is required 
to understand the photo-chemical reactions of light harvesting systems and photoreceptors. To 
investigate the dynamics of such systems time-resolved pump-probe spectroscopy is required. 
Two different time-resolved infrared (trIR) techniques have been used in this thesis namely 
ultrafast midIR and step scan FTIR spectroscopy. 
 
Figure 9: Absorption spectrum of a protein solution. The amide I (C=O stretching vibration in black) 
overlap with the solvent, H2O (O-H bending vibration in light gray). The amide II (combination of NH 
bending and CN stretching vibration) is shown in dark gray. In the inset, effect of illumination on the 
absorption spectrum leading to protonation of a single carbonyl group, is shown schematically. In the 
lower part, a difference of these two states (Light (B) minus Dark (A) spectrum) is shown schematically. 
The background absorptions of the unchanged vibrational modes are cancelled out and the differential 
absorption of the reacting group is now resolved. Figure taken from Kotting and Gerwert 2005 (129).  
 
In these cases the light-induced difference of infrared absorption (ΔOD) of a sample is 
measured as a function of time. Then, the ΔOD signal at a given wavenumber and at a given 
delay time between the pump and the probe, ΔOD(υ,t), is given by:   
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As shown Figure 10, trIR can provide many molecular details of the reaction mechanism of 
protein, associated with their specific lifetimes, which are complementary to X-ray and NMR 
structure analysis, such as:  
- the electronic, redox, protonation and conformational state of the chromophore. 
- the H-bonding, the protonation, the charge distribution of side chains of protein residues.  
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- the H-bonding state of the C=O and C-N-H involved in the peptide bond of the protein 
backbone which give informations about secondary structure dynamics and the propagation of 
structural changes.    
- the H-bonding state of water molecules which are as essential as the side chain of the 
residues in achieving protein function in photoreceptors (130). 
Ultrafast midIR and step scan FTIR spectroscopy are complementary. On the sub-nanosecond 
time scale most of the reaction is confined to the chromophore and the neighboring amino 
acid residues in the binding pocket and can be monitored using ultrafast IR spectroscopy. 
Long lived excited states such as triplet state, side chain (de)protonation and large scale 
protein motion involving changes in secondary-tertiary structure of the protein generally take 
place on the nanosecond to millisecond time scale and can be monitored using step scan FTIR 
spectroscopy. 
 
 
Figure 10: (a) Time dependent absorption changes during the bacteriorhodopsin (proton pump 
membrane protein) photocycle from 30 ns to 200 ms at 4 cm-1 resolution. The absorption of protonated 
side chain Asp85 and protonated Schiff base (PSB) are labelled. In the L to M reaction (completed after 
60 μs) a proton is transferred from the PSB to Asp85 which positive absorption decay and rise, 
respectively. The ultrafast light-induced isomerisation of the retinal chromophore triggers the proton 
transfer from PSB to the outside of the pigment-protein complex via a h-bond network which involve 
residues side chains (Asp85 and Arg 82) and water molecules. Figure taken from Kotting and Gerwert 
2005 (129). 
 
Ultrafast midIR Pump-Probe spectroscopy. 
Ultrafast midIR Pump-Probe spectroscopy is a powerful tool to assess the molecular nature of 
transient intermediates in photoactive biomolecules (131). This technique allows 
measurement of light-induced difference spectra over time till 3 ns with a time resolution of 
about 180 fs. The experimental setup is shown in Figure 11. It is a home-built spectrometer 
based on a 1 kHz amplified Ti:Sapphire laser system operating at 1 kHz (Spectra Physics 
Hurricane) producing 800 nm light. The pulses are 80-90 fs in length and have an energy of 
about 0.8 mJ. Part of the light is diverted with a beamsplitter to pump a non-collinear optical 
parametric amplifier (NOPA), which can be tuned to produce 60 fs excitation pulses with a 
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wavelength range of 475-800 nm (pump beam). The polarisation of the excitation pulse with 
respect to the probe pulse was set to magic angle (54.7°) with a Berek polarizer to perform 
anisotropy free measurements. The remaining 800 nm light pumps a tuneable optical 
parametric generator and amplifier with difference frequency generator (TOPAS, Light 
Conversion). Spectrally broad mid-infrared pulses (width ~200 cm-1) are produced with a 
central frequency between 2.4 and 11 µm (~ 4000 and 900 cm-1), having an energy of 3-15 
µJ. The probe beam is attenuated (OD 2 filter) to about 1 nJ before it reaches the sample. The 
probe has a diameter of about 120-150 µm, the pump is the same or slightly larger. After the 
sample the probe is dispersed on a spectrograph (Chromex) equipped with three different 
gratings and detected by a 32-element Merucry Cadmium Tellurium detector (MCT, Infrared 
Associates). The obtained spectral resolution is ~6 cm-1. All 32 channels are individually 
amplified and read in by 32 home-built-integrate-and-hold (IH) devices. A PC wit a data-
acquisition card is used to collect and record the signals from the IH-box. The IR probe path 
is entirely placed inside a nitrogen gas or dry air purged box to reduce absorption due to water 
vapour. A phase locked chopper (500 Hz) blocks every other pump-laser shot, so that the 
transmission with and without pump can be recorded and the difference absorption can be 
calculated (ΔOD(υ,t)). Spatial and spectral overlap of the pump and probe beam is obtained 
using a 50 µm thick GaAs. The cross-correlation of the pump and probe as measured in GaAs 
is typically about 180 fs and defines the time resolution of the experimental setup.  
 
 
 
Figure 11: Schematic representation of the ultrafast midIR Pump-Probe experimental setup. 
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Step scan-Time resolved FTIR spectroscopy. 
Step scan-Time resolved FTIR spectroscopy allows to monitor molecular reaction mechanism 
of proteins at longer time-scales than ultrafast IR spectroscopy. The absorbance changes can 
be monitored with time resolutions down to nanoseconds and followed for time periods 
ranging over nine orders of magnitude. The technique has already been successfully applied 
to the light-driven proton pump bacteriorhodopsin (Figure 10), the photosynthetic reaction 
center and the GTPase Ras (128), PYP (132) and Appa (133). In contrast to ultrafast mid-IR 
which uses a spectrograph containing a grating to disperse the probe beam on a 32-element 
MCT detector, Fourier-Transform Infrared (FTIR) spectroscopy is an interferometric method. 
As shown Figure 12A, the FTIR spectrometer consists of an infrared source, an 
interferometer, the sample, and the infrared detector. The interferometer is the heart of the 
spectrometer and consists in its simplest form of a beam splitter, a fixed mirror, and a moving 
mirror scanning back and forth (Figure 12B). Therefore, the spectrum is not directly measured 
but its interferogram, i.e. the IR intensity reaching the detector as a function of the mirror 
position. The spectrum is subsequently obtained by Fourier transformation of the 
interferogram. The major advantages of FTIR spectroscopy, as compared to conventional 
dispersive IR spectroscopy, are the so-called multiplexing advantage (Felgett advantage) and 
the high energy flux reaching the detector (Jacquinot advantage), allowing rapid spectrum 
acquisition at a high signal to noise ratio. In the step-scan mode, the interferometer moving 
mirror may be visualized as being held stationary at the interferogram mirror position xn. The 
protein activity is initiated, by a laser flash, and the time dependence of the intensity change 
at this interferogram position xn is measured. Then the interferometer “steps” to the next 
interferogram data position xn+1, and the reaction is repeated and measured again. This 
process is continued at each sampling position of the interferogram (Figure 12C). The 
experimental set-up used in this thesis to perform step scan spectroscopy is shown Figure 
12A. The time-resolved interferograms were recorded using a step-scan FTIR spectrometer 
(IFS 66s Bruker) surrounded by a box coated with acoustic foam and placed on an air-bearing 
table (Kinetic Systems) to improve the stability of the moving mirror in the Michelson 
interferometer (~ 4 nm precision). The spectrometer is purged with N2 gas to reduce IR 
absorption by the water vapour. The experimental set-up included a globar IR light source 
(probe) and a pre-amplified photovoltaic MCT detector (20 MHz, KV 100, Kolmar 
Technologies). The IR light impinging on the sample was sent through 4000 cm-1 low-pass 
and 1850-1200 cm-1 band-pass filters, which blocked the laser light before the interferometer 
and the detector, respectively. Use of the filters allowed to decrease the number of steps 
required to obtain the time-resolved interferogram and significantly improved the signal to 
noise ratio as more light can be used in the 1850-1200 cm-1 spectral window. The detector 
signal was recorded with the internal digitizer (200 kHz, 16-bit A/D converter) allowing 
measurements with time resolution of 5 µs affording an instrument response function (IRF) of 
about 3 µs. A 20 Hz, Nd:YAG laser (5 ns, 100 mJ at 355 nm, Continuum) was used to pump 
an optical parametric oscillator (Panther, Continuum), producing tunable visible light from 
400-700 nm, with a pulse duration of 5-7 ns. The obtained pump beam was attenuated to 
about 1-2 mJ/cm2 using neutral density filters, weakly focused to a spot of 4 mm in diameter 
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and overlapped with the IR probe beam, which was slightly smaller. A Stanford Research 
Systems digital delay generator (DCR 35) was used to vary the time delay between the pump 
laser pulse and the trigger of the detection electronics. After the measurement the time-
resolved interferograms were Fourier-transformed into time-resolved IR difference spectra 
(OPUS software, Bruker Optics).  
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Figure 12: (A) Step scan setup. (B) Michelson interferometer. (C) Data acquisition in the step scan mode 
(time-resolved interferogram).   
 
Data analysis for time-resolved infrared spectra. Global and target analysis. 
TrIR experiments result in a 3-dimensional dataset as the changes in intensity (ΔOD(υ,t)) are 
measured as a function of time and wavelength. A typical dataset results in ~20 000 data 
points. To analyze such large amounts of data a Global analysis procedure is required (134). 
Global analysis implies a simultaneous analysis of the entire 3-dimensional dataset which 
gives a correlation between different wavelength-regions and time scales. The total dataset is 
a superposition of contributions from different species (components) having their own time 
constants (lifetime). Description of such a total dataset should be obtained with a minimum 
amount (i) of time constants (ki) that result in a good quality fit. Each component starts with a 
given concentration (ci) that decays in time and possesses its own specific time-independent 
spectrum (εi). Mathematically, the observed signal S at any given time (t) or wavenumber (υ) 
can be described with: 
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The resulting spectra εi may represent mixture of known physico-chemical species and then 
do not contain directly physically relevant information. In such case decisions have to be 
made about a model that not only describes the raw data, but also generates relevant and 
meaningful spectra. Data previously obtained using different experimental techniques can be 
helpful in such context. The simplest model describing the measured data has to be chosen. 
The simplest model templates are the sequential and parallel models (Figures 13A and 13B) 
where one compartment flows directly into the next compartment with increasing lifetimes or 
to the ground state, respectively. A compartment represents a spectroscopic distinct state or 
physico-chemical species and symbolizes a component of the reaction with its spectrum (εi) 
and associated lifetime (ki). Spectra that result from the application of a sequential and 
parallel model are called evolution associated difference spectra (EADS) and decay 
associated difference spectra (DADS), respectively. EADS estimated by a sequential model 
may represent mixtures of coexisting molecular states, since the possibility of branched or 
parallel dynamics are not taken into account. In order to disentangle the contributions a more 
complicated model must be used such as a branched model (Figure 13C), where one 
compartment can populate two other compartments. If one data set is analyzed with the three 
described models, then the resulting spectra for each compartment are different, except for 
compartment 1. Using a model different from the sequential or the parallel model is called a 
target analysis and can only be done if the data allows for it and/or if additional information is 
available from other techniques. In this latter case the spectra are no longer called DADS or 
EADS but species associated difference spectra (SADS). The TrIR experiments in Chapter 2 
and 5 have been analyzed using global analysis while in Chapter 3 the more complicated 
dynamics of the system required the use of target analysis.    
 
 
 
Figure 13: Schematic view of a sequential model (A), a parallel model (B) and a branched scheme (C). 
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Resonance Raman and Fluorescence Line Narrowing spectroscopy.  
Raman spectroscopy is a practical structure probe for biological molecules. The resonance 
Raman (RR) technique allows in situ monitoring of vibrational modes of biological 
chromophores via the enhancement observed when the laser excitation source is tuned to the 
chromophore’s electronic absorption band (135). This way the electronic structure of 
biological chromophores can be examined with high sensitivity and selectivity. A major 
difficulty in such studies is interference from fluorescence, either intrinsic to the sample or 
caused by impurities, since Raman scattering is weaker than fluorescence. The latter is 
usually broad, and may easily swamp the Raman spectrum. Significant suppression of the 
fluorescence background can be achieved via CARS (136), a technique for generating the 
Raman signal as a coherent beam of light, which can be filtered spatially from the isotropic 
fluorescence. Numerous flavoproteins have been studied using CARS. However, a problem 
associated with the CARS technique is that the lineshapes vary with the pump wavelengths. 
This can complicate the assignment of the transition frequencies in the spectra. Recently, 
femtosecond stimulated Raman spectroscopy (FSRS) (137) was used to obtain Raman spectra 
of fluorescent molecules with a very short time collection and a very high signal to noise 
meaning free from background fluorescence. Another great advantage of FSRS is that it 
provides vibrational structural information with high temporal (50-fs) resolution. As a 
drawback, of the excellent time resolution, the spectral resolution is of about 10-15 cm-1. 
Moreover, both the CARS and the FSRS techniques are not straight forward as they require 
two continuous wave (CW) lasers excitations and a femtosecond laser system respectively 
(137, 138). Nishina and al in 1978 has obtained good quality RR spectra of flavin and its 
derivatives using Riboflavin Binding Protein of egg white as a fluorescence quencher (139). 
A Protein such as photolyase sufficiently quenches the fluorescence to obtain RR spectra of 
bound flavin (140). The resonance Raman spectrum of highly fluorescent flavin has been 
obtained by Swartz et al. (115) using KI, a chemical fluorescence quencher at molar 
concentrations. However the LOV domain could not be measured under such experimental 
conditions. Another approach is Pre-Resonance Raman (PRR) vibrational spectroscopy which 
consists in exciting the sample out of resonance with an electronic transition. In such a way 
fluorescence is not induced since the sample is not electronically excited. Out of resonance 
the Raman effect is not enhanced anymore and consequently the signal intensity is reduced by 
several orders of magnitude. PRR has been used to probe the electronic state of fluorescent 
photoreceptors as AppA both in the dark and light state (141) and for CrLOV1 domain (142). 
Such a pre-resonant excitation condition is much less selective than RR which specifically 
enhanced groups involved in the electronic excitation (conjugated system). PRR leads to the 
appearance of protein modes mixed with aspecific chromophore modes resulting in a 
spectrum where interpretation must be done carefully. In addition, since resonance Raman 
signals are small, they are obtained with a high laser powers what can eventually generate 
unwanted products. Because many flavin-binding photoreceptors are highly fluorescent, 
especially LOV domains (108, 111, 118), interference from fluorescence constitutes a 
significant problem if one wants to gain specific and selective vibrational information. 
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Figure 14: The principle of the FLN technique in the case of LOV2. (a) Schematic energy scheme of 
inhomogeneously broadened FMN in LOV2. Each column of dash represents a FMN, along the horizontal 
axis the FMN distribution population is represented. At 10K, only the lowest vibrational (v0,0) FMN 
ground state (S0) is populated. A narrow bandwidth laser at 488.1 nm is resonant with the red edge of the 
LOV2 absorption spectrum. It selectively promotes a subset of the inhomogeneously broadened ensemble 
of FMN molecules, that have their zero-phonon line (ZPL) resonant with the laser, from the ground state 
zero-vibrational level (S0,0) to the excited state (S1,0) zero-vibrational level. (b) Jablonski diagram in the 
case of site selective emission of the FMN subset at 10K, resolving the vibrational levels of the ground 
state. (c) The inhomogeneously broadened absorption spectrum of AsLOV2 at RT is shown in grey. 
Excitation with a narrowband laser at 488.1 nm (20488 cm-1) at 10K selects a subset of molecules where 
the zero phonon line (ZPL) coincides with this energy. Such single site absorption spectrum (grey) consists 
of a sharp ZPL and a broad phonon wing (PW) to the blue. The PW is due to electron-phonon coupling. 
The single site fluorescence spectrum in black is the mirror image of the single site absorption spectrum, 
in the maximum of the ZPL, with a PW to the red. Intramolecular vibronic coupling gives rise to single-
site spectra that are shifted with the vibrational frequency. Such spectra consist of a vibronic ZPL and 
PW. The vibronic ZPL (vZPL) correspond to the vibronic bands of the FLN spectra (dark grey).   
Elaser=20488 cm-1 
(a) 
v(cm-1)
Energy 
v0,0 
v0,1 
v0,2 
v1,1 
v1,0 
v1,2 
FMN  
LOV2 FLN Spectrum 
(b) 
(c) 
S0 
S1 
ZPL
PW
PW
vZPL 
Chapter 1 Introduction 
 
 33
Alternatively, a site-selective spectroscopic method called fluorescence line narrowing (FLN) 
(143-145) allows the recording of vibrationally-resolved fluorescence spectra from 
inhomogeneously broadened chromophores in proteins. In FLN, a narrowband laser is used to 
excite a sample/chromophore at cryogenic temperatures, and a vibrationally resolved 
emission spectrum is obtained. The FLN technique takes advantage of the chromophore 
fluorescence and measures vibrational bands arising from the emitting state, generating a pure 
vibrational spectrum of the chromophore. In this respect, FLN and resonance Raman achieve 
a comparable selectivity. The principle of FLN spectroscopy is shown Figure 14. Resonance 
Raman and Fluorescence Line Narrowing spectroscopy can be performed on the same set up. 
In this thesis resonance Raman and Fluorescence Line Narrowing spectra were obtained using 
a U1000 double monochromator (Jobin Yvon, Longjumeau, France) equipped with an ultra-
sensitive, deep-depleted, front illuminated CCD (Jobin Yvon). Excitations at 413 nm for RR 
and 488.1 nm for FLN were provided by an Innova 90 Krypton laser and Innova 100 Argon 
laser (Coherent, Palo Alto, Calif.), respectively. The spectra were obtained at a spectral 
resolution of 1 cm-1. During measurements, the samples were kept at 10 K in a helium flow 
cryostat (Air Liquide, Sassenage, France). The laser power for RR and FLN experiments was 
about 10 milliwatts and less than 100 microwatts, respectively.  
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This work investigates the interaction of carotenoid and chlorophyll triplet 
states in the peridinin–chlorophyll a–protein (PCP) of Amphidinium carterae 
using step-scan Fourier-transform infrared spectroscopy. We identify two 
carotenoid triplet state lifetimes of ~13 and ~42 µs in the spectral region 
between 1800 and 1100 cm-1 after excitation of the ‘blue’ and ‘red’ peridinins 
(Per) conformers and the Qy of chlorophyll-a (Chl-a). The fast and slow 
decaying triplets exhibit different spectral signatures in the carbonyl region. 
The fast component generated at all excitation wavelengths, is from a major 
conformer with a lactone stretching mode bleach at 1745 cm-1. One (1720 cm-
1) and two (1720 cm-1 and 1741 cm-1) different peridinin conformers are 
observed for the slow component upon 670 and 530-480 nm excitation, 
respectively. The above result implies that 3Per triplets are formed via two 
different pathways, corroborating and complementing visible triplet-singlet (T-
S) spectra (Kleima et al., Biochemistry (2000), 39, 5184). Surprisingly, all 
difference spectra show that Per and Chl-a modes are simultaneously present 
during the 3Per decay, implying a significant involvement of 3Chl-a in the 3Per 
state. We suggest that this Per-Chl-a interaction via a delocalised triplet state 
lowers the 3Per energy and thus provides a general, photo-protection 
mechanism for light-harvesting antenna complexes.  
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INTRODUCTION 
 
Photosynthetic organisms use antenna pigment-protein complexes for harvesting light energy 
and for transferring the excitation energy to the reaction center (RC) where it is converted into 
an electro-chemical potential leading ultimately to NADH and ATP synthesis (1). To do so, 
Dinoflagellates use the water soluble peridinin–chlorophyll-a–protein (PCP) a major light-
harvesting pigment-protein in conjunction with a light-harvesting complex (LHC) of the 
conventional 3-transmembrane type (2). PCP is the light-harvesting protein with the highest 
carotenoid to chlorophyll ratio: 4 peridinins (Pers) per chlorophyll-a (Chl-a). This ratio, as 
well as the small number of chromophores per protein, makes PCP a perfect model system for 
studying the photo-protection mechanism by carotenoids.  
The photochemical properties of carotenoids are determined to a great extent by the length of 
their π-electron conjugation and the nature of the functional groups attached on the 
conjugated chain (3,4). Per has an unusual C37 carbon skeleton rather than the typical C40 
system present in most carotenoids, Fig. 1. The unique structure of Per is constituted of an 
allene moiety and a lactone ring in conjugation with the π-electron system of the carotenoid 
backbone, an epoxy group with a secondary alcohol group on one beta-ring and an ester 
group located on the opposite beta-ring with a tertiary alcohol group. The structural 
differences between Per and other carotenoids are most likely related to its unusual function 
in PCP: in contrast to most photosynthetic LHCs, Per, and not chlorophyll-a (Chl-a), is the 
main light-absorbing pigment in PCP.  
Per absorbs light in the 470–550 nm region and is extremely efficient at harvesting light in 
photosynthetic antenna pigment-protein complexes (5-8). In PCP, the efficiency for Per-Chl-a 
excitation energy transfer (EET) is approximately 90% (5,9,10). Such high efficiency is 
achieved by tight packing, at van-der-Waals radii, of the pigments, minimizing the distances 
between donor (Per) and acceptor (Chl-a) molecules. The 2.0 Å crystal structure of PCP from 
the dinoflagellate Amphidinium carterae reveals a trimeric arrangement (2). Monomeric PCP 
contains eight Pers and two Chl-a molecules, which are densely packed and arranged in two 
essentially similar units each consisting of four Pers clustered around one Chl-a molecule.  
Per in PCP not only has an exceptional light-harvesting function but it is also very efficient in 
photoprotecting protein and chromophore from degradation by singlet oxygen as 100% of 
Chl-a triplet is quenched (9,11). Singlet oxygen can be formed by the quenching of 
chlorophyll triplet states:  
 
3Chl-a* + 3O2 → Chl-a + 1O2*  (singlet oxygen formation) 
 
To prevent this reaction, carotenoids with their low lying triplet states quench long lived 
chlorophyll triplets (12-17) and scavenge singlet oxygen (18): 
 
3Chl-a* + Car → Chl-a + 3Car*  (chlorophyll triplet quenching) 
1O2* + Car → 3O2 + 3Car  (singlet oxygen scavenging) 
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The lowest triplet energy level of carotenoids with nine or more conjugated double bonds is 
assumed to be lower than that of singlet oxygen (19,20), which lies at 7882 cm-1 (21,22). The 
carotenoid triplet does not react with ground state oxygen, thus preventing the generation of 
singlet oxygen, and is for the same reason able to scavenge singlet oxygen. Per has eight 
double bonds in the backbone, conjugated to a ninth double bond of the carbonyl group in the 
lactone ring. Considering the molecular features that make Per an efficient light harvester - 
the strong electronegative oxygen atoms of the lactone ring (Fig. 1) and the structural 
perturbation by the protein environment (2) - the triplet state energy of Per conformers might 
be just at an energy threshold for quenching singlet oxygen.  
 
 
Figure 1: Molecular structure of peridinin. 
 
Typically, unquenched chlorophyll triplets display lifetimes in the orders of a few ms, long 
enough to lead to singlet oxygen formation and a subsequent damage of the light-harvesting 
apparatus. Under such conditions, both the L and M subunits of the carotenoid-less RC from 
Rb. sphaeroides were uniformly photodamaged (23).  
In PCP, the triplet states of Chl-a are formed via intersystem crossing (ISC) from Chl-a 
singlet states. The latter are formed after direct Chl-a excitation or after excitation energy 
transfer (EET) which follows direct excitation of Per (9,10,24). The Per triplet states are 
populated by triplet excitation energy transfer (TEET), which is governed by an electron-
exchange interaction (Dexter mechanism) (22,25). Kleima et al.(11) found a Per triplet 
lifetime of 10 µs at room temperature (RT) and 13 and 40 µs for 77 K and four Per 
conformers to be involved in the triplet state formation, consistent with the 10 µs Per lifetime 
found by Bautista et al.(9) at RT and the two lifetimes of 13 and 58 µs reported by Carbonera 
et al.(26) within a temperature range from 2 to 200 K and assigned to the anisotropy of the 
triplet sublevel dynamics. The PCP visible T-S spectra (11,27) exhibit a Qy Chl-a differential 
signal assigned to Chl-a-carotenoid interaction and is similar to carotenoid T-S spectra found 
in bacterial and higher plant antennae (28-30). This interaction signal shows concerted 
dynamics with the carotenoid triplet (11,28) and has been discussed in terms of a Stark effect, 
but its exact nature remains unclear. To investigate the nature of the Per triplet state in more 
detail we have measured the 3Per dynamics in the Amphidinium carterae, Per-Chl-a-Protein 
(A-PCP) using time-resolved step-scan FTIR in the region 1100-1800 cm-1 following either 
direct Per or Chl-a excitation. With time-resolved-step-scan FTIR spectroscopy we monitor 
excitation-induced variations in vibrational modes. We observe that 3Chl-a coexists with 3Per 
as they have the same dynamics and suggest that delocalization of the triplet over the Per and 
the Chl-a is responsible for the conspicuous Qy bleach in visible T-S spectra. In addition we 
O
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report that the triplet dynamics are excitation wavelength dependent implying that 3Per 
triplets in PCP are formed via two different pathways.  
 
 
MATERIALS AND METHODS 
 
Sample Preparation. 
Samples of PCP of Amphidinium carterae were prepared as previously described (2). 
Droplets of 20 µL of PCP solution, containing 10 mg/mL PCP, 25 mM Tris.Cl (pH 7,5) 
buffer, 3 mM NaN3, 2 mM KCl, were concentrated under nitrogen flow on a CaF2 window. 
The resulting paste (3-5 µL) was spread between two tightly fixed CaF2 windows.  
The high concentration of about 60 mg/mL implies that 99% of PCP was in the trimeric form. 
The OD (0.3 for 670 nm) and homogeneity of the sample were checked before and after each 
experiment by recording UV/visible (250-700 nm) and mid-infrared (1800-1100 cm-1) steady 
state spectra to ensure reproducible experimental conditions.  
 
Time-resolved Step-Scan FTIR Absorption Measurements. 
The time-resolved interferograms were recorded at RT using a step-scan FTIR spectrometer 
(IFS 66s Bruker) placed on an air-bearing table (Kinetic Systems). A globar IR light source 
and a fast pre-amplified photovoltaic MCT detector (20 MHz, KV 100, Kolmar 
Technologies) were used. The IR light impinging on the sample was sent through 1850 cm-1 
and 4000 cm-1 low-pass filters, which blocked the laser light before the interferometer and the 
detector. The detector signal was recorded with an external digitizer (PAD 82a, Spectrum 
GmbH, 100 MHz, 8-bit A/D converter) for 1 µs time resolution and with the internal digitizer 
(200 kHz, 16-bit A/D converter) for 5 µs time resolution. A 20 Hz, Nd:YAG laser (5 ns, 100 
mJ at 355 nm, Continuum) was used to pump an optical parametric oscillator (Panther, 
Continuum), producing tunable visible light from 400-700 nm, with a pulse duration of 5-7 
ns. This light was attenuated to 2 mJ/cm2 (for all excitation wavelengths), weakly focused to a 
spot of 4 mm in diameter and overlapped with the IR probe beam, which was slightly smaller. 
A Stanford Research Systems digital delay generator (DCR 35) was used to vary the time 
delay between the pump laser pulse and the trigger of the detection electronics.  
 
Data acquisition and analysis. 
Each three-dimensional IR interferogram has a time-resolution of 1 or 5 µs and 660 points for 
a required resolution of 8 cm-1 in a spectral window from 1800 to 1100 cm-1. Every data set is 
an average of 20 single-sided time-resolved interferograms of which each point is a time slice 
that is the average of 9 co-additions. The time-resolved interferograms have been further 
Fourier-transformed into time-resolved IR difference spectra (OPUS software, Bruker 
Optics). For the interpretation of the data we applied a parallel kinetic model and fitted the 
dynamics of every point of a spectral data set simultaneously with global analysis (31,32). 
This analysis leads to decay associated difference spectra (DADS) with associated lifetimes, 
whose errors have been estimated to be less than 10%. 
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Experimental Errors and Reproducibility. 
Three lifetimes were needed to sufficiently fit the data. Besides two very intense DADS, a 
third component of very low intensity (less than 10%) has been fitted with a lifetime of about 
500 µs. However, due to the limited stability of the mirror in the Michelson Interferometer an 
artificial millisecond vibration can show up as experimental lifetime error along the time axis 
and consequently we exclude the third DADS from our discussion.  
Due to the acquisition and FT of interferograms, every point and its dynamics in the spectral 
data set are a result of several interferogram points and their dynamics. Spectra were 
reproduced reliably under different laser intensity (10–0.2 mJ/cm2) conditions and 
experimental settings, such as time and frequency resolution (1 and 5 microseconds, 8 and 16 
cm-1). At higher laser excitation intensities, the spectral and dynamical information were the 
same, but the sample would bleach quickly (after some minutes). At lower intensities (< 0.5 
mJ), the S/N ratio was too small thus we used typically a laser pulse energy of 2 mJ/cm2. To 
investigate the excitation wavelength dependence we carefully set the pump power to 2 
mJ/cm2 for all excitation wavelengths and the measurements have been performed the same 
day on a same sample, refreshing the pumped spot twice for each excitation. 
Under the above experimental conditions the number of absorbed photons is of the same 
order of magnitude as the number of Pers contained in the excited volume of the sample thus 
with our 5-7 ns pulse the probability for uncontrolled multi-photon processes (33) is rather 
small. No longer-lived Chl-a triplets have been detected, excluding the possibility of free or 
unquenched Chl-a 
 
 
RESULTS 
 
Time-resolved step-scan FTIR spectra of PCP triplet states.  
In this paper we use microsecond time-resolved FTIR spectroscopy to measure triplet 
formation in PCP by monitoring excitation-induced variations in the vibrational modes of the 
PCP chromophores. In the following paragraphs, we present the estimated lifetimes, the decay 
associated difference spectra (DADS) and the vibrational mode assignment of three sets of 
time-resolved IR data resulting from excitation of Chl-a at 670 nm (Qy), and Per at 480 nm 
(maximum of Per absorption) and 530 nm (red edge of Per absorption). Excitation at 550 nm 
gave essentially the same result as 530 nm (data not shown). 
 
Data analysis/ lifetimes.  
Time-resolved mid-IR spectra were collected and globally analyzed at frequencies between 
1100 and 1800 cm-1, and the resulting decay associated difference spectra (DADS) are shown 
in Fig. 2. To describe the time resolved data, we used a parallel model, which required three 
components: two fast lifetimes, of the order of tens of microseconds and a longer one that we 
do not consider further (see experimental error section). No components were found in the 
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order of the instrument response of ca. 5 µs. This was corroborated by measurements with a 
time-resolution of 1 µs yielding the same dynamics (data not shown). 
 
Table 1: Triplet state lifetimes of carotenoids in several LH complexes at varying excitation wavelengths 
and temperatures. 
 
 
LH COMPLEX LIFETIMES (µs) 
EXCITATION 
WAVELENGTH 
TEMPERATURE CAROTENOID 
PCP (9,11) 10 590 nm RT Peridinin 
PCP (11) 13 and 40 590 nm 77 K Peridinin 
PCP (26) 13 and 58 400-600 nm < 200 K Peridinin 
PCP 
this work 
13 and 42 
670 nm 
530 nm 
480 nm 
RT 
RT 
RT 
Peridinin 
 
LH2 (61) 
9.5 and 43 
3.3 (oxygenic) 
 
4 K 
RT 
Neurosporene 
LHCII 
(28,62) 
9 (anaerobic) 
2 and 4 
(oxygenic) 
8 and 40 
 
462 nm 
480 nm 
590 nm 
 
RT(28,62) 
RT(28,62) 
4 K(28) 
 
Several (Lutein, Neo-
/Violaxanthin) 
 
We find the triplet state dynamics of PCP at RT to be described by lifetimes of 13 and 42 µs 
which are typical of carotenoid triplets. Previous experiments on PCP in the visible spectral 
region reported one Per triplet lifetime of 10 µs at RT (9,11) and two lifetimes of 13 and 40 
µs at 77 K (11) and 13 and 58 µs up to 200 K (26), respectively. Typical carotenoid triplet 
lifetimes of LHCII, LH2 and PCP are compared in Table 1. Our observation of two triplet 
lifetimes at RT could be related to our strictly anaerobic experimental conditions. In Fig. 2 the 
positive DADS signals originate from excited state absorption (ESA) of the triplet states, and 
negative DADS signals from the bleach of the ground state.  
 
Spectral Analysis. 
In our spectral analysis, we distinguish four regions of interest: The carbonyl region (1800-
1630 cm-1); the C=C stretch region, characteristic of the polyene backbone of carotenoids and 
chlorophylls giving rise to bands between 1610 and 1525 cm-1; the CH-deformations and 
possible lactone-ring modes in the region of 1450-1380 cm-1 and the fingerprint region below 
1380 cm-1 with e.g. CH-out-of-plane, C-C and C-O stretches and their combinations37.  
 
Chapter 2  
 
 49
1800 1700 1600 1500 1400 1300 1200 1100
-0.2
-0.1
0.0
0.1
  
wavenumber (cm-1)
-0.3
-0.2
-0.1
0.0
0.1
0.2
 13 μs
 42 μs
 
 
in
te
ns
ity
 (a
.u
.)
1800 1700 1600 1500 1400 1300 1200 1100
-0.2
-0.1
0.0
0.1
530 nm
670 nm
 
 
 
480 nm
 
Figure 2: DADS of PCP obtained using a parallel model after 670, 530 and 480 nm excitations (from top 
to bottom). DADS1 (dashed line) and DADS2 (solid line) are associated with a 13 and 42 µs lifetime, 
respectively. 
 
C=C stretching and C-H deformation modes. 
As we can see in Fig. 2, the two DADS show many spectral similarities. The weak bands at 
1623,1633 cm-1 (bleach) and strong bands at around 1555/1530 cm-1 (bleach/ESA) are Per 
C=C stretching modes. Typically, carotenoid C=C stretching modes are around 1520 cm-1 – 
e.g. spheroidene, ß-carotene (34,35) – and down-shifted by 20 cm-1 to around 1500 cm-1 in the 
T1 state (34). In Per we observe slightly higher frequencies, indicating a decrease in bond-
order, as observed normally for peripheral C=C stretches (36). Moreover, the broad band 
extending from ~1480 cm-1 to lower frequencies (bleach) due to CH-deformation modes is 
characteristic of carotenoids (37). The reported modes of Chl-a in PCP (11) at 1610, 1553 and 
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1526 cm-1 might also contribute to these bands to a minor extent. Additional recognizable 
modes are at ~1450 cm-1 the methylene C-H deformation and the methyl asymmetric bending 
modes, as well as the symmetric methyl bending mode of the Per backbone peaks at 
1408/1380 cm-1 (bleach/ESA) (37). 
 
Carbonyl region – molecular probes. 
The carbonyl region contains contributions from Per and Chl-a since both have carbonyl 
groups in conjugation with their electronic system. These carbonyl modes are very sensitive 
to electronic changes and can be used as molecular probes for the individual chromophores. 
The carbonyl modes that can be expected in this region are the lactone mode of Per, and the 
10a-ester and 9-keto modes of Chl-a (Fig. 1).  
Figure 3 shows the second derivative of the steady-state FTIR absorption spectrum of the 
PCP carbonyl region together with the raw data obtained at t0 by step-scan FTIR for 530 and 
670 nm excitation. The FTIR data shows carbonyl stretching modes at 1770, 1745, 1725, 
1710, 1695 and 1681 cm-1 that are all involved in the triplet dynamics as the corresponding 
bleaches are observed in the raw time-resolved data. The strong amide I band representing 
absorption of the protein backbone carbonyl stretch, is located at 1650 cm-1 and off scale in 
Figure 3. After global analysis, the DADS in the carbonyl region show five major frequencies 
in the ground state bleach (best resolved with 530 nm excitation): 1745 cm-1 (DADS1), 1741, 
1720 cm-1 (DADS2), 1699 and 1686 cm-1 (both DADS) as seen Figure 4. The slight mismatch 
observed between the negative bands in the second derivative IR absorption spectrum relative 
to the time-resolved spectra bleaches is due to the positive absorption that accompanies a 
band shift.  
 
Carbonyl modes of Chl-a. 
The bands at ~1699, 1686 cm-1 (bleach), shown in Fig. 4, match the 1697 and 1681 cm-1 ones 
reported from fluorescence line narrowing (FLN) spectra at 4 K (11). Since no 
crystallographic evidence has been found for H-bonded Chl-a 9-keto in 1PPR (PCP pdb code) 
we assign the 1699 cm-1 band to a Chl-a in a relatively apolar environment. The ESA of the 
two bands has shifted down to 1670 and 1657 cm-1, respectively. Such a down-shift is typical 
for the 9-keto vibration of Chl-a in T-S FTIR spectra and can be perfectly overlapped with the 
T-S FTIR spectrum of Chl-a in THF (38). Chl-a triplets are known to exhibit a down-shift in 
the ESA, while Chl-a cations are up-shifted (38-40). A hypothetical charge transfer state 
leading to Per (+)/Chl-a(-),would be expected to downshift the 9-keto vibration of Chl-a 
anion by about 55 to 92 cm-1 as observed for BPheo/BPheo- in THF (41), Pheo/Pheo- in PSII 
(42) and BChl-a/BChl-a- (43). In our data the 9-keto vibration of Chl-a down shifts by 30 cm-
1 and strongly suggests that only Chl-a triplets exist on typical triplet carotenoid lifetimes and 
we can exclude the presence of Chl-a cations and anions. 
ESA of the Chl-a 9-keto carbonyl modes is dependent on the excitation wavelength as the 
envelop centred at 1670 cm-1 under 670 nm excitation evolves to a splitting at 1670 cm-1 and 
1657 cm-1for 530 nm excitation, (Fig. 4). This suggest that direct Chl-a excitation favors the 
localization of the Chl-a/Per triplet on the high frequency keto carbonyl Chl-a whereas direct 
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red Per excitation populates both Chl-a equally. From the 9-keto-mode-amplitudes at 1699, 
1686 cm-1, we conclude that both Chl-a molecules of the quasi-symmetric PCP monomer are 
involved in the triplet state dynamics at RT, however, to a different extent depending on the 
excitation wavelength. The 9-keto mode is the strongest mode in T-S Chl-a FTIR difference 
spectra, about three times more intense than the 10a-ester mode (38,39), so we assign the 
other strong carbonyl modes to the lactone vibration of Per. 
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Figure 3: PCP carbonyl region of the raw time resolved data at t0 obtained after excitations at 670 
(dashed line) and 530 nm (dotted line) compared to the second derivative of PCP FTIR absorption 
spectrum (solid line). 
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Figure 4: Comparison of the carbonyl modes of the PCP DADS at 670, 530 and 480 nm excitations. 
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Carbonyl modes of Per. 
The remaining three ground state bleach modes – again best resolved after 530 nm excitation– 
at 1745 cm-1 (DADS1), 1741 (DADS2) and 1720 cm-1 (DADS2) represent the lactone 
carbonyl modes of three distinguishable Per conformers; however the 1741 cm-1 (DADS2) 
conformer is absent under 670 nm excitation. (Fig. 4) The Per ester group, which could be a 
possible candidate for these frequencies is located at one of the cyclo-hexane end-groups, and 
isolated from the conjugated backbone (Fig. 1). For this reason, we do not expect 
contributions of the ester group after electronic excitation. The carbonyl-stretch of a five-
membered lactone has a typical frequency of 1765±5 cm-1 (44), which can downshift by 20 
cm-1 in conjugation with a π-system, as in Per, and even further in a polar environment or 
with hydrogen bonding of the carbonyl to the protein pocket. Moreover, the 25 cm-1 down-
shift of the ESA corresponding to the 1745/1720 cm-1 bands would be large compared to 5 
cm-1 for ester groups (as reported e.g. for chlorophyll) (39). The observed ground state bleach 
modes are in agreement with Per resonant (530 nm) Raman data for PCP (unpublished data, 
Papagiannakis, E. and Robert B.) which display only two broad bands at 1745 and 1720 cm-1 
in the carbonyl region. In addition, the resonant Raman spectrum of Per in methanol shows 
only one broad carbonyl frequency peaking around 1740 cm-1. 
 
Assignment of possible protein modes.  
The highest modes, above 1760 cm-1 (1790/1780 and 1770/1760 cm-1 DADS2, 670 nm 
excitation, Figure 4), for both bleach and ESA bands are rather high in energy to originate 
from Per lactone, Chl-a 10a-ester or Per ester vibrations and the down-shift of about 10 cm-1 
is rather small compared to the shift of 25 cm-1 observed for Per lactone (1745/1720 cm-1 
DADS1, 670 nm excitation, Figure 4). Thus, it is more likely that these modes represent 
conformational changes of acidic residues as Asp or Glu upon triplet formation but we cannot 
exclude a contribution from the Per ester carbonyl. 
 
Table 2: Spectral assignment of the principal stretching modes. 
Second derivative 
PCP spectrum 
T-S infrared spectra 
and DADS 
(Bleach/ESA). 
Vibrational assignment 
1770 1770/1760 Asp or Glu side chain or Per ester 
1745 1745/1720 Per lactone 
nd 1741/nd Per lactone 
1725 1720/nd Per lactone 
1710 nd Per lactone 
1695 1699/1670 Chl-a 9-keto 
1681 1686/1657 Chl-a 9-keto 
1628 1630/1619 Per C=C (mainly) and Chl-a C=C 
1550 1555/1530 Per C=C (mainly) and Chl-a C=C 
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The spectral assignments summarized in table 2 leads to the conclusions that: 
- all observed modes in the second derivative FTIR spectrum (Figure 3) are involved in 
the triplet decay dynamics with bands at 1745, 1741, 1725, 1710 cm-1 and bands at 1695 and 
1681 cm-1 assigned to various Pers and Chl-a conformers, respectively, experiencing different 
protein environment.  
- the 1710 cm-1 band clearly observed in the second derivative IR absorption spectrum 
contributes to a lesser extent to the differential signal; the 1770 cm-1 band is likely assignable 
to acidic side chains of amino acids or ester stretch of Per.  
- Differential signals of Per and Chl-a are characteristic for their respective triplet states, 
which disappear with typical carotenoid triplet decay time constants. This implies that in PCP, 
while the triplet is on the Per, the triplet wavefunction is delocalised over the Chl-a, and both 
triplet signals decay with typical carotenoid tripet lifetimes.  
- In addition, both Per and Chl-a infrared differential signals show an excitation 
wavelength dependence. The low frequency keto carbonyl Chl-a is more populated and the 
1741 cm-1 Per conformer appears in DADS2 upon direct red Per excitation (530 and/or 550 
nm) in comparison to direct Chl-a excitation (670 nm). As seen in Figure 5 the 1720 cm-1 
dynamics shows a strong wavelength dependence suggesting increased population of this Per 
conformer upon direct Per excitation. These spectral changes are accompanied by an overall 
increase of signal amplitude observed from 670 to 480 and to 530 nm in Figure 4. This signal 
increase is better observed in the raw data before global analysis as seen Figure 6.  
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Figure 5: PCP Time traces for absorbance at 1720 cm-1 with 670 (solid line), 530 (dashed line) and 480 
nm (dotted line) excitations. 
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Figure 6: Differential absorbance signals of PCP obtained by step-scan Fourier-transform infrared 
spectroscopy. Raw data are to time slices with 5 µs time resolution for 670 (dotted line), 480 (dashed line) 
and 530 (solid line) nm excitations; intensity 2 mJ/cm2 at all wavelengths. 
 
 
 
DISCUSSION 
 
For the spectral assignments, the carbonyl region is most important, as Per and Chl-a possess 
conjugated carbonyl groups which are sensitive to the protein environment and the electronic 
state of the pigment. In other words, the carbonyl modes are the molecular probes for the 
pigments: the 9-keto mode of the Chl-a and the carbonyl group of the lactone ring of Per. The 
keto modes are generally expected at lower energies (≤ 1700 cm-1) compared to lactone 
modes (> 1700 cm-1) which makes them easily distinguishable. 
 
Chl-a modes- co-existence of Chl-a and carotenoid triplets. 
Best resolved are the vibrational modes in the DADS after excitation at 530 nm. In the region 
below 1700 cm-1 the two strong bleach vibrations at 1699 and 1686 cm-1 are assigned to Chl-a 
ground state modes on the basis of Fluorescence Line Narrowing (FLN) data (11), resonant 
(413 nm) Raman data (unpublished data, Papagiannakis, E. and Robert B.) and differential 
FTIR spectroscopy (38). As the observed lifetimes reflect typical carotenoid triplet lifetimes, 
it is somewhat surprising to observe Chl-a modes involved in the DADS. However, a bleach 
of the Chl-a Qy band at 670 nm with a microsecond lifetime has also been observed in VIS T-
S spectra of PCP (9,11) and LHC II (45). The interpretation was that the Chl-a senses the 
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carotenoid triplet and is electronically perturbed. Van der Vos et al. (29) proposed a 
mechanism in which Chl spectral changes are induced by a change in the electrostatic 
interaction between the Chl singlet state and a nearby carotenoid in the triplet state. At short 
distance such an electronic perturbation can be strong on e.g. the Chl Qy, and this could lead 
to a bleach of the Qy through bandshift, or changes in dipole strength. Although a definite 
excited state species originating from Chl-a could not be observed in the visible T-S spectra 
(10,24), the DADS (Fig 4) presented here show that the two Chl-a ground state modes 
experience a down-shift to 1670 cm-1 and 1657 cm-1 respectively. This down-shift of about 30 
cm-1 in the keto mode is typical for an excited triplet state (38). Thus, we can assign the Chl-a 
transient species most definitely to Chl-a triplet states, and can exclude electrostatic 
interaction or the presence of radical anions or cations (which would exhibit larger down or 
up-shifted ESA, respectively) (39). Similar amplitudes are observed for the 1745/1720 cm-1 
bleach/ESA of the Per lactone and the 1699/1670 cm-1 bleach/ESA of the Chl-a 9 keto, which 
suggests that a significant fraction of Chl-a is in the triplet state as observed in the T-S spectra 
of PCP (9,11) and LHCII (45). For the latter it was calculated that the presence of a triplet 
state on a carotenoid bleaches about 75% of the absorption equivalent of one Chl-a. Thus, our 
interpretation that the Chl-a in PCP has a triplet character during the time that Per triplets are 
present is in agreement with previous nanosecond flash photolysis experiments in the visible 
(11).  
 
Quenching models for chlorophyll triplet states. 
The concerted dynamics of Chl-a triplets and Per triplets in all our DADS is quite unexpected 
since all Chl-a triplet excitation energy is thought to be finally quenched by Per (5,9,11,46) or 
carotenoids in general, due to their low lying triplet states. The classical triplet transfer 
pathway describes the quenching of chlorophyll triplet states by energetically lower lying 
carotenoid states. For PCP the following equation describes the mechanism: 
 
a. 3Chl-a + Per →Chl-a + 3Per 
 
However, this does not explain the experimentally observed co-existence of Per and Chl-a 
triplets at Per lifetimes. To explain the Chl-a dynamics on carotenoid lifetimes, two scenarios 
can be proposed; an equilibrium between Chl-a and Per triplet states or a delocalized triplet 
state in which the triplet is shared by Per and Chl-a. 
 
b. 3Chl-a + Per ↔Chl-a + 3Per (equilibrium) 
 
c. 3Chl-a + Per →3[Chl-a + Per] (delocalized triplet) 
 
 
Equilibrium model. 
One explanation for the concerted chlorophyll triplet dynamics would be a dynamic thermal 
equilibrium between the Per and Chl-a triplet states where the triplet state is deactivated via 
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the fastest pathway, the Per pathway which might explain the typical carotenoid triplet 
lifetime. Triplet migration has been reported between Pers in PCP (26) and also the thermal 
equilibration of chlorophyll triplets in PSII-RC (Chl1/P680) has been observed (40). Recent 
phosphorescence spectroscopy on LH2 antenna complexes (47) has determined the difference 
of BChl-a and carotenoid triplet energy to be only about 500-700 cm-1 (BChl T1 energy 7590 
cm-1 versus about 7000 cm-1 for carotenoids) and shows coexistence of both BChl and 
carotenoid triplet in almost equal amount in the stationary state. The authors interpreted the 
coexistence of T1 BChl and T1 Car as a thermal equilibrium which, however, recombine into 
a Qy singlet excited state via triplet-triplet annihilation in about 2ns. These are equilibria 
between almost energetically equivalent triplet states and we observe co-existence of Per and 
Chl-a triplet state in the µs time scale. An equilibrium between 3Chl-a and 3Per would have to 
overcome a energy difference of about 2000 cm-1, as the lowest triplet state is estimated to be 
around ~ 10.000 cm-1 for chlorophylls (48) and ~ 8000 cm-1 for 3Per based on a Per S1 of 
16100 -16500 cm-1, where the lowest carotenoid triplet state is estimated to lie at half of the 
corresponding S1 energy level (3).  
In the context of a thermal equilibrium we would expect lowering the temperature to favour 
triplet localisation on the carotenoid. The Qy bleach in the visible T-S spectra has comparable 
amplitudes at RT, 77, 40 and 4 K in LHCII and at RT and 77K in PCP which makes the 
thermal equilibrium rather unlikely.  
 
Delocalized triplet model. 
Another possibility is that Per and Chl-a share the triplet. Microwave induced absorption 
spectra (MIA) of bacterial LH show the presence of a Qy bleach whose intensity is related to 
the efficiency of TEET in the different complexes (30). Such a delocalisation of the 
carotenoid triplet wavefunction over an adjacent (B)Chl, has been discussed by Angerhofer et 
al. (30) for bacterial LHC. However the authors concluded that the observed Qy-response 
upon 3Car formation was probably due to electrostatic perturbation of the (B)Chl upon 
carotenoid triplet population. Delocalisation of the carotenoid triplet state over an adjacent 
Chl-a molecule leading to the mixing of Chl triplet character in the carotenoid triplet state 
provides a straightforward explanation for the shape of the signal in the visible T-S spectra: 
bleaching of the Qy band and a broad featureless absorption increase in this region, as is 
expected for a Chl-a triplet T-S spectrum. Efficient TEET is governed by a Dexter type 
exchange interaction. Such a short range exchange mechanism requires the overlap of donor 
and acceptor wave functions and thus obeys an exponential law on intermolecular distance. 
The Dexter mechanism is nearly 100% efficient at a distance of approximately 3.5 Ǻ. 
Because the TEET yield in PCP is about 100%, the overlap must be significant, which is 
consistent with the PCP structure where the protein scaffold encloses a Chl-a-Per cluster with 
the pigments at 3.9 to 4.5 Å. This is also consistent with the observation of Carbonera et 
al.(26) who have shown the occurrence of intra-cluster 3Per migration demonstrating 
significant HOMO/LUMO overlap between the Pers. 
Interestingly Angerhofer et al.(30) have shown that in bacterial LH complexes the intensity of 
the BChl-a Qy bleach in the MIA spectra is directly correlated with the rate of TEET but the 
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Car-BChl interaction is not related to the polyene length (n=11,13). Thus it appears that 
delocalisation of the triplet wavefunction between Chl or BChl and carotenoid occurs when 
the overlap of the ground state and excited state wavefunctions is predominant over the 
relative energies of the molecules involved in TEET. This triplet delocalisation effect appears 
to be tightly related to the triplet-triplet coupling strength. A recent calculation on TEET (49) 
showed that the electronic coupling mainly arises from the region of close contact between 
the donor and acceptor frontier orbitals and is strongly dependent on the intermolecular 
configuration. Triplet-Triplet coupling strength is optimal, and decays less steeply with 
increasing separation, when acceptor and donor orbitals are fully stacked. Thus, directly 
stacked π-π overlap between Per and Chl-a in PCP should be mainly responsible for the Per 
triplet wavefunction delocalization over the neighbouring Chl-a. The PCP crystal structure 
exhibits each Chl-a surrounded by two stacked (Per 612/622 and 614/624) and two side by 
side Pers (Per 611/621 and 613/623) of which Per 612/622 has its allene moiety stacked with 
Chl-a at about 4 Ǻ. Thus, Chl-a coupling to Per 612/622 together with 614/624 is the more 
likely candidate for the observed concerted triplet dynamics. 
The observation of chlorophyll triplets during the lifetime of the carotenoid triplet identifies 
the observed 670 nm bleaches in visible T-S spectra of PCP as originating from shared Per-
Chl-a triplets. Moreover, a similar shared triplet has recently been observed in LHCII and 
FCP (manuscript in preparation) corroborating the observation on PCP and pointing toward a 
general phenomenon and thus possibly a new understanding of the photoprotection 
mechanism. In this respect, it is important to note that the Chl or (B)Chl Qy bleach upon 
carotenoid triplet decay is observed in all light harvesting systems including artificial ones 
such as caroteno-phthalocyanine dyads and triads (50,51).  
 
Per modes. 
The other specific modes that are active following electronic excitation are the Per lactone 
modes above 1700 cm-1. Four different modes could be observed, 1745, 1741, 1720 and 1710 
cm-1 showing that PCP provides different environments for each Per conformer with respect 
to its backbone and lactone groups. The assignment is corroborated by the Raman frequencies 
of 1720 and 1745 cm-1 in resonance upon 530 nm excitation (unpublished data, 
Papagiannakis, E. and Robert B.). The observation of four lactone modes is in agreement with 
Kleima et al.,(11) who concluded that four different triplet state conformers contributed to 
their VIS T-S spectra at 77K.  
 
Origin of DADS1. 
For all excitation wavelengths the DADS1 show similar intensities of the spectral bands in the 
carbonyl region with a strong bandshift at 1745/1720 cm-1 which represents a first Per 
conformer. However, an amplitude decrease of the 1720 cm-1 ESA is noticeable for 480 and 
530 nm excitation, which could be related to participation of an additional conformer after 
direct Per excitation. This is also suggested by the time trace at 1720 cm-1 shown in Figure 6, 
where the excited state absorption is visible upon 670 nm excitation, whereas it is 
compensated by apparent bleach upon 530 and 480 nm excitation. Furthermore, we observe 
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an increase in amplitude of the Chl-a band shift (negative at 1699-1686 cm-1, positive at 1670 
cm-1-1657 cm-1), which might be associated with the presence of the additive 1720 cm-1 Per 
conformer. Those two conformers, 1745 and 1720 cm-1, represent spectrally the shorter 
lifetime of 13 µs, with the 1745 cm-1 mode corresponding to the highest frequency lactone 
carbonyl Pers. Below 1600 cm-1 in DADS1 all modes are more intense at 530 and 480 nm 
excitation compared to 670 nm excitation which is consistent with population of two and one 
conformers at such excitation, respectively. The stronger modes band-shift in the finger print 
region below 1300 cm-1 at 530 nm excitation suggest a more distorted, twisted Per triplet 
conformation. 
 
Origin of DADS2. 
The intensity and spectral features of the carbonyl region in DADS2 also depends on the 
initial excitation wavelength. The wavelength dependence is characterised by the appearance 
of a lactone mode at 1741 cm-1 on 530 nm excitation which is absent on 670 nm excitation 
together with an increased population of the conformers with carbonyl modes at 1720 cm-1 
upon 530 nm excitation. The latter changes are more pronounced upon 530 nm excitation and 
are observed together with an increased ESA of the low frequency keto Chl-a at 1657 cm-1.  
The overall amplitude increase observed upon direct Per excitation (Figure 5) is attributable 
to both DADS1 and DADS2 and is associated with the additional participation of 1741 and 
1720 cm-1 Per conformers compared to direct Chl-a excitation. 
Thus, it appears that the triplet localisation among the Per conformers and the Chl-a can be 
tuned by the initial excitation wavelength. This is surprising as it does not agree with the 
classical understanding of triplet quenching in LHCs, according to which all excitation energy 
is expected to be initially collected on the Chl-a, no matter whether it was Per or Chl-a that 
was excited (10,24). Such wavelength dependency indicates that the triplet pathway is 
conformer sensitive and mainly the red Pers (excited at 530 and/or 550 nm, see results 
section) change the triplet pathway as well as the localisation of the triplet among the two 
PCP clusters. This suggests that this red Per act as a switch which triggers an additional 
excited state pathway and/or a different fate of the excited state among the complex. Perhaps, 
this additional excitation pathway photoprotects the PCP by deactivating Per singlet excited 
state into harmless Per triplet states. It has been shown that these red Pers have some specific 
properties. First the largest Stark signal is observed for the red Per conformers in PCP at 530-
550 nm which suggests a charge-transfer (ICT) state character (52,53). Secondly Salverda 
(54) proposed a strong interaction between Chl-a and red Pers (Per614/624) to explain the 
zero-rise time bleach band at 540 nm in the ultrafast transient absorption spectra after Chl-a 
excitation. Salverda (54) suggested a structural re-arrangement of Per614/624 on Chl-a 
excitation as a possible mechanism. Thus a specific interaction between Chl-a and this red 
Pers exists. This is consistent with the non-conservative CD signal of the Qy of Chl-a in PCP 
(11,55), which is explained by an excitonic interaction of Chl-a and Per. 
The ICT state character of the red Pers and their special interaction with Chl-a might be 
involved in the mechanism that opens an additional triplet deactivation pathway. Several 
explanations are likely for the formation of different Per triplet states dependent on the 
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excitation wavelength. A first possibility is that the ICT forming conformers might undergo a 
structural change by the coupling to Chl-a and change the triplet equilibrium among and 
between the Per-Chl-a clusters. However, that would imply that on the nanosecond time scale 
the system is still in a kind of hot vibrational conformational state where it "remembers" the 
red Per excitation, which seems to be unlikely.  
Nonetheless, because it appears that exciting the red Pers at 530 and/or 550 nm leads to a 
significant increase of the 1740 and 1720 cm-1 triplet the more realistic conclusion would be 
that the 530-550 nm red Per have their own triplet state generation pathway. Thus, we favor 
two possibilities. First these ICT-prone conformers which exhibit a stark signal comparable 
that of the heterodimer special pair of the bacterial RC, could undergo charge separation and 
lead to triplet generation by radical pair charge recombination as shown in PSII RC for Chl+ 
and Phe- (40). The second one could be that the red Pers have a larger ability to undergo the 
singlet fission mechanism (56). The special mechanism of ultrafast 3Car formation (intra-
molecular singlet fission) as identified in carotenoids bound in bacterial LHCs (56,57), was 
not observed in PCP by ultrafast spectroscopy (10,24). However, even if femto-second 
experiments did not give any indication of such ultrafast triplet formation we can wonder if 
under our excitation conditions permanent conformational changes induced by direct Per 
excitation could lead to activation of the singlet fission pathway as this mechanism has been 
shown to be dependent on the carotenoid distortion (58). Indeed, the light minus dark FTIR 
spectrum of PCP excited at 530 nm shows subtle (few mOD) conformational changes 
assignable to the high frequency carbonyl Per conformer (1745 cm-1) whereas no changes 
have been observed upon 670 nm excitation (data not shown). A double photon process that 
leads to direct Per triplet and/or radical formation would be another possibility; Per cation 
radicals have been generated when the S2 state was re-pumped with 800 nm light (59). As 
shown by Billsten et al. (60), excitation of zeaxanthin with a strong nanosecond pulse can 
lead to triplet and radical formation. Even if the probability is low under our experimental 
conditions, such a double photon process would explain the overall increased signal (DADS1 
and DADS2) and the appearance of the 1741 cm-1 conformer together with the 1720 cm-1 
bleach and 1657 cm-1 ESA increase at 530 nm excitation. Thus, the exact mechanism of this 
excitation wavelength dependency observed by direct red Per excitation remains unclear 
however opening of an additional triplet deactivation pathway could have physiological 
implications as a photoprotective process. 
 
 
CONCLUSIONS 
 
In this study we distinguish the triplet state forming Per conformers in PCP by their lifetimes 
and spectral features and find two independent triplet transients at RT. DADS1 represents the 
typical pathway of carotenoid photo-protection with predominantly 1745 cm-1 conformer 
contributing, whereas the other conformers (predominantly, 1741 and 1720 cm-1) show 
wavelength-dependent triplet formation via a different mechanism than the classical TEET 
likely involving the ICT state coupling to Chl-a or the singlet fission mechanism. 
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Furthermore, all DADS show the involvement of both Chl-a and Per conformers in the triplet 
state dynamics at all excitation wavelengths, from which we conclude that the Per triplet 
wavefunction extends over the Chl-a system. This might likely stabilize Per triplet states well 
below the oxygen singlet state energy, which lie respectively at ~ 8000 and 7882 cm-1, 
providing to PCP the property to quench singlet oxygen state. Hence, our data show that the 
two Chl-a of the PCP monomer are active in the photo-protection processes undergoing 
concerted dynamics with the Pers forming a delocalized triplet. 
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Abbreviation: PCP, Peridinin-Chlorophyll-a-Protein; A-PCP, PCP from Amphidinium carterae; H-PCP, 
PCP from Heterocapsa pygmaea; (B)Chl, (Bacterio)Chlorophyll; Chl-a, Chlorophyll-a; Per, Peridinin; 
LHC, Light Harvesting Complex;; ISC, InterSystem Crossing; EET, Excitation Energy Transfer; TEET, 
Triplet Excitation Energy Transfer; T-S, Triplet minus Singlet; FTIR, Fourier Transformed Infra-Red; 
EADS, Evolution-Associated Difference Spectrum; SADS, Species-Associated Difference Spectrum; 
3Chl-a, chlorophyll-a triplet excited state; 3Per, Peridinin triplet excited state; Chl-ai+, Chlorophyll-a 
radical cation; THFiq, THF radical anion; Chl-ai+/THFiq Chlorophyll-a THF radical pair; 3[Chl-
a/Per]. Shared triplet excited state by Chl-a and Per.  
 
 
 
Triplet-state dynamics in H-PCP and Chl-a/Per mixtures in organic solvent 
were studied by means of step-scan FTIR spectroscopy. A single decay 
component of 10 µs was observed for the H-PCP triplet, the spectrum of which 
closely matches the 13 µs component of A-PCP (Alexandre et al., Biophysical 
journal (2007), 93, 2118-28)., implying that also in H-PCP the peridinin triplet 
state is shared with Chl-a. In a mixture of Chl-a and Per in THF, TEET from 
3Chl-a to 3Per proceeds in 3.5 µs followed by 3Per decay in 7 µs. Using a target 
analysis procedure, 3Chl-a and 3Per differential infrared spectra were obtained. 
The specific carbonyl frequencies of 3Per and 3Chl-a in THF confirm our 
previous assignment of their co-existence in the infrared spectra of H-PCP and 
A-PCP.  
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INTRODUCTION 
 
Oxygenic photosynthesis is commonly known as carbohydrates synthesis using sunlight, 
water and carbon-dioxide, a phenomenon which greatly contributes to the abundance and 
diversity of life on earth. Photosynthetic organisms use antenna pigment-proteins to harvest 
light. Absorbed solar energy is transferred to the reaction center (RC) where it is converted 
into an electrochemical gradient, which is used to synthesize ATP, powering the cell 1. 
Together with (Bacterio)Chlorophyll ((B)Chl) carotenoids are the main pigments of 
photosynthesis. In addition to their structural involvement in the antenna architecture, 
carotenoids have a dual function namely light harvesting and photoprotection 2. They harvest 
light in the blue –green where (B)Chl absorbs weakly thus increasing the absorption cross 
section of the light harvesting system where sunlight is optimal. Carotenoid excitation is 
followed by ultrafast energy transfer to (B)Chl with a high efficiency 3. (B)Chl intersystem 
crossing (ISC) may lead to triplet formation, the efficiency of which depends on the excited 
state lifetime. The long-lived (ms timescale) (B)Chl triplet reacts with ground state oxygen 
(which is a triplet state) to produce the highly reactive oxygen singlet (1O2) 4. In light 
harvesting complexes (LHC), this process competes with fast (ns timescale) (B)Chl triplet 
excitation energy transfer to the carotenoid thereby 4 avoiding formation of 1O2 and ultimately 
the destruction of the light harvesting apparatus. A good model to study this photoprotection 
mechanism is the LHC from the dinoflagellate Amphidinium carterae, A-PCP. The A-PCP 
monomer contains 2 Chl-a and 8 Peridinins. In nature the Peridinin-Chlorophyll-a-Protein 
(PCP) is found as a trimer and in each half of the PCP monomer one Chl-a is closely 
surrounded by 4 Per 5,6 leading to high efficiency for both light harvesting and 
photoprotection 7,8. Following Peridinin (Per) excitation, excitation energy transfer (EET) to 
Chl-a takes place with an efficiency of more than 90% 9. In the isolated PCP complex, excited 
Chl-a undergoes ISC to the triplet state with a yield of about 10% which is entirely quenched 
by Per 10. Per has a unique molecular structure constituted of an allene moiety and a lactone 
ring in conjugation with the π-electron system of the carotenoid backbone, an epoxy group 
with a secondary alcohol group on one beta-ring and an ester group located on the opposite 
beta-ring with a tertiary alcohol group. The structural differences between Per and other 
carotenoids are most likely related to its specific function in PCP. In contrast to most 
photosynthetic LHCs, the carotenoid (Per), and not Chl-a, is the main light-absorbing pigment 
in PCP. Per’s unusual structure and especially its conjugated lactone carbonyl confers a high 
plasticity of absorptivity and reactivity to this carotenoid, for instance by mixing CT states 
with the lower excited states 11. 
In a recent investigation of the A-PCP triplet state using step scan FTIR spectroscopy 7, we 
reported a significant involvement of the Chl-a triplet excited state (3Chl-a) in the triplet 
excited state of Per (3Per). This conclusion was based on a tentative assignment of both 3Chl-
a and 3Per vibrational modes in the 13 and 42 µs decay phases of the A-PCP triplet state at 
RT. It was suggested that in A-PCP the triplet state was shared between Chl-a and Per. We 
proposed that the formation of the delocalized Per-Chl-a triplet state likely lowers the triplet 
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energy and thus provides a general photoprotection mechanism for light-harvesting antenna 
complexes. A different dinoflagellate species Heterocapsa pygmaea uses a LHC closely 
related to A-PCP, H-PCP. H-PCP has the same pigment stoichiometry as A-PCP but its 
peptide unit is about half the size of that of A-PCP and contains only half the number of 
pigments 12,13. The overall identity of the H-PCP monomer with that of the N and C terminal 
domains of A-PCP is about 70% 13. 3-D Modeling of the H-PCP sequence on the high-
resolution x-ray structure of A-PCP has shown only major differences in the trimer interface 
13. In nature, H-PCP is found as a dimer. Thus, the A-PCP monomer can be considered as the 
covalent equivalent of the H-PCP dimer and the pigment conformation in both systems should 
be very similar. This view is supported by the high similarity of the spectroscopic properties 
(absorption, CD, T-S spectra) of the two complexes 14. 
It is of interest to investigate whether the same “triplet sharing” occurs in H-PCP as observed 
in A-PCP. Moreover, for a proper understanding, it is required to confirm our assignment of 
the 3Per and 3Chl-a features in the infrared spectra by observing these species in isolated 
molecules in organic solvent. Here, we have performed step-scan FTIR spectroscopy on H-
PCP and on mixtures of Chl-a and Per in THF, thereby following triplet excitation energy 
transfer (TEET) from Chl-a to Per in THF solution. We observe a single decay component of 
10 µs for the H-PCP triplet, the spectrum of which closely matches the 13 µs component of 
A-PCP, implying that also in H-PCP the triplet state has a mixed 3Per and 3Chl-a character. In 
addition, upon direct excitation of Chl-a in a mixture of Chl-a and Per in THF, TEET from 
3Chl-a to 3Per proceeds in 3.5 µs followed by 3Per decay in 7 µs. Using a target analysis 
procedure, 3Chl-a and 3Per spectra were obtained. The specific carbonyl frequencies of 3Per 
and 3Chl-a in THF confirm our previous assignment of their co-existence in the infrared 
spectra of H-PCP and A-PCP.  
 
 
MATERIALS AND METHODS 
 
Sample Preparation. 
PCP samples of Heterocapsa pygmaea have been isolated as previously described 15. The 
FTIR sample was prepared by putting a droplet of 20 µL of PCP solution, containing 10 
mg/mL PCP, 25 mM Tris.Cl (pH 7,5) buffer, 3 mM NaN3, 2 mM KCl, on a CaF2 window. 
The sample was concentrated under nitrogen flow and the resulting paste (3-5 µL) was spread 
between two tightly fixed CaF2 windows. The same procedure was followed to prepare the 
FTIR sample of A-PCP 7.  
Chl-a was purchased from Sigma-Aldrich (Netherlands) and was used without further 
purification. Per was isolated from Amphidinium carterae thylakoids by the method of 
Martison and Plumley 16 and was purified using reverse phase HPLC using an Alltech C18 
column. The samples were dried in vacuo and stored at -80°C. Chl-a and Per were dissolved 
in THF and sonicated. Samples were flushed with nitrogen or air gas to ensure anaerobic and 
aerobic conditions, respectively. Samples in THF were injected into an infrared cell 
composed of two CaF2 windows separated by a 100 µm spacer.    
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Time-resolved Step-Scan FTIR Absorption Measurements. 
The time-resolved interferograms were recorded using a step-scan FTIR spectrometer (IFS 
66s Bruker) placed on an air-bearing table (Kinetic Systems). The experimental set-up 
included a globar IR light source and a fast pre-amplified photovoltaic MCT detector (20 
MHz, KV 100, Kolmar Technologies). The IR light impinging on the sample was sent 
through 4000 cm-1 low-pass and 1850-1200 cm-1 band-pass filters, which blocked the laser 
light before the interferometer and the detector. The detector signal was recorded with the 
internal digitizer (200 kHz, 16-bit A/D converter) allowing measurements with an IRF of 5 
µs. A 20 Hz, Nd:YAG laser (5 ns, 100 mJ at 355 nm, Continuum) was used to pump an 
optical parametric oscillator (Panther, Continuum), producing tunable visible light from 400-
700 nm, with a pulse duration of 5-7 ns. This light was attenuated to 2 mJ/cm2 at 530 nm for 
H-PCP, weakly focused to a spot of 4 mm in diameter and overlapped with the IR probe 
beam, which was slightly smaller. For samples in THF, direct excitation of chlorophyll using 
laser radiation at 670 or 625 nm resonant with the Qy or the Qx Chl-a transition, led to the 
same results (data not shown). Chl-a only and Chl-a mixed with Per experiments were 
performed at 625 nm excitation as more power and better pulse to pulse stability is obtained 
from the YAG laser /OPO system at this wavelength. A Stanford Research Systems digital 
delay generator (DCR 35) was used to vary the time delay between the pump laser pulse and 
the trigger of the detection electronics. Each three-dimensional IR interferogram has an 
instrument response of 5 µs and 660 points in the spectral region 1800 to 1200 cm-1, giving a 
spectral resolution of 8 cm-1. Every data set is an average of 20 time-resolved interferograms 
of which each point is a time slice that is the average of 9 co-additions. The time-resolved 
interferograms have been further Fourier-transformed into time-resolved IR difference spectra 
(OPUS software, Bruker Optics). All experiments were performed at room temperature. 
 
Global and Target analysis.  
The obtained time-resolved IR difference spectra were analyzed using global and target 
analysis 17. For the interpretation of the H-PCP and Chl-a in THF data we applied a parallel 
and sequential kinetic model, respectively, that simultaneously fitted the dynamics at every 
point of a spectral data set. This analysis leads to decay and evolution associated difference 
spectra (DADS and EADS), respectively, with associated lifetimes. To model the Chl-a 
mixed with Per in THF time-resolved data a specific Target analysis has been used reflecting 
the complex decay processes yielding Species Associated Difference Spectra (SADS) with 
associated lifetimes. 
 
 
RESULTS AND DISCUSSION 
 
The triplet state in H-PCP.  
In A-PCP, we previously observed the coexistence of Per and Chl-a carbonyl modes during 
the Per triplet lifetimes of 13 and 42 µs 7, which led us to conclude that in this triplet state, 
3Chl-a and 3Per are mixed. Here, we investigated the H-PCP complex by step scan time-
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resolved FTIR spectroscopy to assess the nature of its triplet state. Upon excitation of 
peridinin at 530 nm, the H-PCP triplet decay is satisfactorily fitted with a single time constant 
of 10 μs. Excitation of H-PCP at 670 nm gave essentially the same result (data not shown). 
Figure 1 shows the DADS with a 10 µs lifetime in H-PCP (black line), plotted along with the 
13 μs DADS observed in A-PCP (gray line), reproduced from ref. 7. Note that in A-PCP, also 
a 42 μs decay component with a distinctly different infrared signature was observed in the 
step-scan FTIR experiment 7. The H-PCP triplet state is spectrally very similar to the triplet 
state of A-PCP that decays in 13 μs. In both complexes, specific Per C=O lactone conformers 
are involved in the triplet state, of which the 1745(-)/~1720(+) cm-1 is the principal signature. 
In H-PCP, the bands at 1745(-)/1724(+) are assigned to the Per C=O lactone, while the 1700(-
)/1667(+) cm-1 shift is attributed to the Chl-a C=O 9-keto 18, showing that in the H-PCP triplet 
IR spectrum, explicit 3Chl-a modes are present. This result indicates that some Chl-a/Per 
specific conformations and interactions are conserved in both A-PCP and H-PCP to achieve 
the efficient photo-protective TEET. This is consistent with the similar T-S ODMR spectra 
obtained for both complexes 14. Thus we conclude that both in A-PCP and in H-PCP the 
triplet state is shared by Per and Chl-a in a similar fashion.  
In the H-PCP and A-PCP DADS (Figure 1) the Chl-a 9-keto carbonyl stretch are found at 
1700(-)/1666(+) and 1700(-), 1683(-)/1670(+) cm-1, respectively, which is consistent with the 
presence of one and two Chl-a per monomer in these complexes. In A-PCP, the Chl-a with 
their 9-keto carbonyl stretch at 1700 and 1683 cm-1 are in a rather apolar and polar 
environment, respectively, reflecting the asymmetry within its monomeric unit. In the ~10 µs 
components observed in H-PCP and A-PCP, the major C=O lactone and ester stretches 
frequencies are at about 1745(-)/1725(+) and 1770(-) cm-1, respectively, reflecting the 
different environment of the C=O lactone and conformation of the Per in the protein complex. 
In the 10 µs DADS of H-PCP (Figure 1), at least two C=O lactone conformers (1745 and 
1710 cm-1 in a relative stoichiometry of about 80 and 20%) can be identified for H-PCP, 
independent of the excitation wavelength. For A-PCP one or two conformers at 1745 and 
1745-1725 cm-1 depending on the excitation wavelength have been observed, i.e. 670 and 
480-530 nm for the 13 µs component 7. In the two components of A-PCP, four Per 
conformers have been identified with lactone carbonyl vibrations at 1745, 1741, 1725 and 
1710 cm-1. This is consistent with the observation that the Per bound to the protein in H-PCP 
and A-PCP adopts multiple conformations 5.  
Excitation of A-PCP yielded two triplet decay components of 13 and 42 μs 7. The differences 
between A-PCP and H-PCP may be related to the different protein structure, i.e., H-PCP is a 
15.5 kDa homo-dimer and A-PCP is a 32 kDa trimer. The 32 kDa unit of A-PCP is 
asymmetric, composed of two different N-terminal and C-terminal units that share 56% of 
identity 5. In contrast, H-PCP is a symmetric homo-dimer. The asymmetry within the A-PCP 
monomer is responsible for the Chl-a singlet equilibration on a ps timescale 8,19. Possibly, the 
asymmetry in A-PCP leads to the observed triplet populations with different lifetimes.  
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Figure 1: Decay-Associated Difference Spectra (DADS) that result from a global analysis of step-scan 
FTIR data of H-PCP and A-PCP. The black line represents the 10 µs component in H-PCP. The gray line 
represents the 13 µs DADS in A-PCP, reproduced from ref.(13).  
 
The second component in A-PCP has been observed below 200 K by Carbonera et al. 20 and 
at 77K by Kleima et al., while only a 10 µs component was present at room temperature in 
the latter work 21. We reproduced Kleima’s result at room temperature under aerobic and 
anaerobic conditions, by measuring the triplet decay in the visible using a diluted A-PCP 
solution. We found only the 10 µs component under aerobic and anaerobic conditions, which 
excludes an effect related to oxygen (data not shown). Thus, it seems that the appearance of 
the ~40 μs component is likely related to a protein conformational change induced by cooling 
and/or high concentrations used for FTIR, rather than a temperature effect on the equilibration 
among the triplet sublevels 20.  
We previously proposed that the Per conformers involved in the photoprotective mechanism 
were likely Per 612/622 and Per 614/624. In a recent TR-EPR study 22, participation of the 
Per 612/622 pair in the 3Chl-a quenching was considered unlikely on the basis of the 
similarity of the 3Per triplet spectra in Main Form A-PCP (MFPCP) and High Salt A-PCP 
(HSPCP), since the latter does not bind the Per 612/622 pair. Comparison between 
experimental and calculated EPR spectra led the authors to conclude that the triplet was 
mainly (~80%) localized on the Per 614/624 pair, which has the shortest center-to-center 
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distance to the Chl-a. This conclusion is consistent with the result of MD calculations 
showing that in the triplet state, the highest spin density is localized in the center of the Per 
backbone 23. Thus, it seems likely that in the step-scan FTIR experiments, the main Per 
conformer at 1745(-)/~1720(+) cm-1 corresponds to Per 614, Per 624, or both. Hence, we 
conclude that in A-PCP and H-PCP, Per 614 and/or 624 likely constitute the principal 3Chl-a 
quenchers, and that their specific interaction with Chl-a promotes the mixing of the 3Chl-a 
and 3Per states during the lifetime of 3Per.  
 
Chl-a TEET to Peridinin in THF.  
It is important to firmly establish our spectral assignment of Per and Chl-a modes in the 3Per 
and 3Chl-a states using an artificial system where Per and Chl-a are not strongly coupled. To 
this end, we performed step-scan time resolved FTIR measurements on Per mixed with Chl-a 
in organic solvent to observe TEET on the µs timescale and extract their individual spectra 
using global and target analysis. The two chromophores were mixed in THF with a 
stoichiometric ratio Per: Chl-a of 1:8 with a Chl-a OD (670 nm) of about 100 cm-1. Time-
resolved FTIR data has been obtained by direct excitation of Chl-a at 625 nm and the ensuing 
spectral evolution was analyzed using global and target analysis (see Materials and Methods). 
Global analysis in terms of a sequential kinetic scheme shows that three components are 
required to fit the data. The EADS are shown in Fig.1 of Supporting Information. In order to 
determine the origin of the third component, we used target analysis. The best fit was 
obtained with a three level scheme, in which the first component decays in 3.5 µs in parallel 
to the second and the third component, which decay to the ground state in 7 µs and 3 ms, 
respectively. The kinetic model is displayed in Fig.2. The first component decays into the 
second and third components with an estimated yield of 60% and 12% respectively. About 
28% of the first component amplitude is lost via triplet-triplet annihilation and decays to the 
ground state (see below). Experiments with Chl-a only in THF confirmed that the first 
component decays into a component having similar lifetime and spectral features as compared 
to the third component observed in the mixed Chl-a/Per sample (see below). We note that Per 
is unable to quench the third component which suggests that it can be assigned to a radical 
state of Chl-a. The three SADS that result from the target analysis of the mixed Chl-a/Per 
data are shown in Figure 3. The first component (SADS1), shown in black in Fig. 3, is 
assigned to 3Chl-a and has a lifetime of 3.5 µs. Its short lifetime indicates that the 3Chl-a is 
strongly quenched in the presence of Per. This SADS matches the FTIR triplet minus singlet 
(T-S) spectrum of Chl-a in THF at 90K 18. Bands at 1747(-)/1733(+) and 1698(-)/1671(+) cm-
1 are assigned to the Chl-a 10a-ester and 9-keto carbonyl, respectively. Those modes are 
about 4 to 7 cm-1 upshifted in our RT spectrum, as compared to Breton et al. This may partly 
be due to the elevated temperature but also to a different Chl-a oligomerisation state. The 9-
keto carbonyl stretch of Chl-a in THF at 1698 cm-1 is non H-bonded and in a moderately 
polar environment. 
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Figure 2: Target analysis kinetic model applied to the time-resolved data of Per mixed with Chl-a in THF 
(excitation at 625 nm). (a) Triplet-triplet annihilation proceeds with a yield of 28% (3[Chl-a]* + 3[Chl-a]* 
= 1[Chl-a]* + 1[Chl-a]). (b) Triplet excitation energy transfer from Chl-a to Per takes place in 3.5 µs with a 
yield of 60%. (c) Chl-a radical formation have a yield of 12%.    
 
In SADS1 (Fig. 3), the band at 1599 (-) cm-1 is typical of a 6-coordinated Chl-a Mg-atom 
24,25. If Chl-a is monomeric, then Chl-a will be 6-coordinated with two THF molecules ligated 
to the central Mg atom forming the complex [Chl-a]-[THF]2. However the presence of a dip 
in the ESA at 1657 cm-1, which is not present in the FTIR T-S spectra in ref.18, may indicate 
that the observed triplet state actually resides on aggregated Chl-a. Chl-a at high 
concentration in an apolar solvent, in the absence of water, is known to aggregate with a 
typical IR band near 1657 cm-1 for Chl-a dimers 26. The aggregation most likely follows from 
the high concentration used for the FTIR experiments of about 1 mM (OD at 670 nm of about 
100 cm-1) in THF. Assuming that Chl-a is dimeric in our sample, the 1657 cm-1 band most 
likely indicates a second Chl-a (Chl-a2) with its 9-keto bound to the Mg atom of the first Chl-
a (Chl-a1) 24,26. As SADS1 is dominated by modes of Chl-a1, this suggest that the triplet state 
is mainly localized on this Chl-a for which the ester and keto are free of (H-) bonding.  
The second SADS rises in 3.5 µs and decays in 7 µs. It is assigned to 3Per (dash-dot gray 
SADS in Fig. 3) according to its characteristic decay time and matching infrared signature as 
compared to the 3Per spectra (DADS) in PCP. 3Per is formed via TEET from 3Chl-a, note that 
this component is not observed in Chl-a only samples in THF (see below). The 3Per SADS is 
dominated by a band-shift at 1761(-)/1733(+) cm-1, assigned to the C=O lactone stretch of 
Per. Thus, C=O lactone conformers in THF, which is moderately polar and aprotic, are 
relatively homogenous and non H-bonded with a main frequency at 1761 cm-1.  
In SADS2, the small amplitude bandshift observed around 1697(-)/1666(+) cm-1 arises from a 
contribution by SADS1 (i.e. 3Chl-a) that the target analysis fails to fully remove due to our 
limited time resolution, S/N ratio and baseline fluctuations. A Chl-a – Per sample at a 1:1 
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stoichiometric ratio (OD670 = 150 cm-1) exhibits a shorter 3Chl-a lifetime of about 1 µs. Target 
analysis resulted in a 3Per SADS (SADS-Per) almost free of 3Chl-a contributions. By 
comparing this latter SADS-Per with SADS2 (Figure 3, light gray line) we can confirm that in 
SADS2 (Figure 3) the small amplitude bandshift observed around 1697(-)/1666(+) cm-1 
follows from a spurious contribution from SADS1 (3Chl-a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: SADS resulting from target analysis applied to data obtained upon direct Chl-a excitation at 
625 nm of Per and Chl-a mixed in THF with a stoichiometric ratio Per: Chl-a of 1:8 with a Chl-a OD at 
670 nm of about 100 cm-1. The black spectrum is assigned to 3[Chl-a]*, it decays in 3.5 µs into the dash-dot 
gray and light gray SADS. The dash-dot gray SADS is assigned to 3[Per]* and decays to the ground state 
in 7 µs. The light gray SADS contains signature of Chl-a cation and THF radical anion; it decays in 3 ms. 
The gray spectrum (SADS-Per) is obtained upon direct Chl-a excitation at 625 nm of Per and Chl-a mixed 
in THF with a stoichiometric ratio Per: Chl-a of 1:1 with a Chl-a OD at 670 nm of about 150 cm-1. 
 
In SADS2, only weak bands from 3Per are observed in the spectral region between 1700 and 
1300 cm-1. In contrast, strong differential signals around 1550 and 1400 cm-1 were observed in 
A-PCP and H-PCP (Fig. 1 and ref. 7). Apart from the contribution of Chl-a to the latter 
spectral features, this observation suggests that the backbones of the PCP-bound Per’s are 
significantly distorted while they are planar in solution; binding of Per to the protein likely 
upshifts and enhances the IR activity of C=C and CH deformation modes as a result from 
distortion and the asymmetric environment.  
From FTIR steady-state measurements of Per mixed with Chl-a in THF (data not shown) we 
estimated that the Per C=O lactone extinction coefficient is similar to that of the Chl-a C=O 
9-keto. This allows us to estimate the extent of the ‘triplet sharing’ between Per and Chl-a 
that we report in this study. From Figure 1 the negative band area assigned to 9-keto C=O 
corresponds to about 25 and 40 % of the negative band area assigned to lactone C=O for A-
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PCP and H-PCP respectively. Taking into account the similar C=O extinction coefficient of 
Per lactone C=O and Chl-a 9-keto C=O, about 25 and 40 % of the 3Per is shared with Chl-a in 
A-PCP and H-PCP, respectively. This conclusion is in good agreement with the relative 
amplitude of the Qy bleach as compared to the Per bleach of about 20 % in the T-S spectra of 
A-PCP 21.  
The third SADS has an overall low amplitude. It is assigned to the Chl-a+/THF- radical pair 
which is formed with a relatively low yield from the 3Chl-a (SADS1, see target analysis, 
Figure 2) and decays with an estimated lifetime of 3 ms. In the carbonyl region, the third 
SADS exhibits up-shifted ester and keto C=O stretch frequencies at 1738(-)/1751(+) and 
1692(-)/1712(+), 1657(-)/1680(+) cm-1, characteristic for radical cation formation 18. The 
presence of two different 9-keto stretches confirms our earlier hypothesis that a Chl-a dimer 
(Chl-a1/Chl-a2) is present under these conditions. In contrast to the triplet state, which 
seemed to be mainly localized on Chl-a1 (SADS1), the radical appears to be delocalized over 
the two Chl-a molecules of the dimer, as its infrared signature is in fact similar to P700+ in the 
Photosystem I RC 18. Below 1500 cm-1 new bands have appeared in SADS3. A strong 
negative band with a double peak character is observed centered at 1450 and 1461 cm-1 in 
addition to bands at 1367, 1336 and 1306 cm-1. These bands are typical for THF (data not 
shown) and up-shifted after Chl-a excitation to 1630-1515, 1382, 1354 and 1321 cm-1, 
respectively. Such up-shifts indicate radical formation of THF, probably the radical anionic 
([THF]iq) state, forming the [Chl-a]i+/[THF]iqradical pair. 
 
Chl-a dynamics in THF.  
To confirm the target analysis model that we used to disentangle the Chl-a/Per spectral 
dynamics and understand the origin of the SADS3 in Figure 3, we performed step scan 
experiments on Chl-a only in THF with similar power and excitation wavelength. We 
prepared two anaerobic Chl-a samples with an OD at 670 nm of 100 and 300 cm-1 in THF. 
The obtained time-resolved data were analyzed using a sequential model with two 
components. The first EADS (Figure 5) obtained for Chl-a in THF OD 100 cm-1 and 300 cm-1 
displays very similar spectral features and matches SADS1 of the Per-Chl-a mixture shown in 
Figure 3. However, the two samples have different decay times of 20 and 10 µs, respectively, 
as shown in Figure 4. For both samples EADS1 decays into EADS2 (Figure 5), which is very 
similar to SADS3 obtained in the mixed Chl-a/Per sample. This observation supports the 
target analysis used to disentangle the spectral dynamics of Chl-a mixed with Per in which 
SADS3 arises from SADS1. EADS2 of Chl-a/THF decays with an estimated lifetime of about 
1 ms. As the time-resolved measurement was performed using a time window of 315 µs, the 
ms lifetime estimation contains a high degree of uncertainty. Following the recovery of the 
large bleach at 1450 cm-1 using a longer time axis of 5 ms gave a value about 3 ms (data not 
shown), which is consistent with the lifetime of SADS3 estimated from Chl-a mixed with Per. 
Similar to SADS3 in the mixed Chl-a/Per sample, EADS2 of Chl-a in THF is produced with a 
relatively low yield of about 10%. This implies that another 3Chl-a deactivation pathway must 
be present to explain its short lifetime of 10 to 20 µs. With the high concentration of 3Chl-a 
after excitation, the triplet state is likely deactivated by collision with other Chl-a molecules. 
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If during diffusion 3Chl-a collides with another 3Chl-a, triplet-triplet annihilation may take 
place. For the Chl-a sample with a concentration of OD670 = 300 cm-1, the Chl-a triplet 
quenching rate is increased from (20 µs)-1 to (10 µs)-1, consistent with the idea of triplet-
triplet annihilation, expected to depend on the concentration. Thus, 3Chl-a in Chl-a only in 
THF is deactivated by charge separation involving THF molecules and triplet-triplet 
annihilation. The proposed deactivation pathways are shown in Figure 6. 
 
Tuning the rate of the 3Chl-a TEET to Per. 
We have shown that in a Chl-a sample in THF, the 3Chl-a lifetime is 10 to 20 µs, dependent 
on concentration. In a mixture of Chl-a with Per, the 3Chl-a lifetime is 3.5 µs, showing that 
Per acts as a quencher. By changing the concentration, the stochiometric ratio between the 
chromophores we observed that both concentration and stochiometric ratio affect the Chl-a to 
Per TEET rate (from 3.5 to less than 1 µs) without changing the 3Per lifetime of 7 µs (Figure 
7). TEET lifetimes vary from 3.5 µs (OD at 670 nm of 100 cm-1, Per:Chl-a ratio of 1 to 8) to 
less than 1 - 2 µs with a Per:Chl-a ratio of about 1 to 1 with an OD at 670 nm of 75 cm-1 and 
OD150 cm-1, respectively. 
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Figure 4: Concentration profiles for the EADS 
resulting from global analysis of the Chl-a  samples 
in THF; solid line OD at 670 nm of 100 cm-1, 
dashed line OD at 670 nm of 300 cm-1. Black lines 
correspond to the first EADS, grey to the second 
EADS. 
Figure 6: Proposed deactivations pathways of 
Chl-a only in THF (excitation at 625 nm). (a) 
Triplet-triplet annihilation takes place with a high 
yield of about 90 %. (b) Chl-a radical is formed 
with a low yield of about 10%.   
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Figure 5: EADS resulting from global analysis of the Chl-a samples in THF; black solid line OD at 670 
nm of 100 cm-1, black dotted line OD at 670 nm of 300 cm-1. Comparison of SADS3 shown in grey solid 
line and EADS2 of OD at 670 nm of 300 cm-1 shown in grey-circled solid line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Normalised time-traces at 1698 cm-1 (Chl-a, dashed lines) and at 1761 cm-1 (Per, solid lines) at 
different concentrations, stoichiometric ratios and oxygen content. 
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Figure 8: IR signatures of Chl-a and Peridinin triplet states in various conditions. Solid thin black line: 
10 µs DADS of H-PCP; solid thin gray line: 13 µs DADS of A-PCP; solid thick gray line: IR spectrum of 
3Per in THF; solid thick black line: IR spectrum of 3Chl-a in THF. 
 
The two latter samples were flushed with air or nitrogen, which yielded a similar 3Per lifetime 
of 7 µs. Thus, a high O2 concentration does not shorten the 3Per lifetime, which implies that in 
THF solution, 3Per lies energetically below 1O2, providing a suitable energy level for efficient 
Chl-a triplet quenching and singlet oxygen scavenging. 
To summarize our results and interpretation, Figure 8 shows the 3Chl-a (SADS1) and 3Per 
(SADS-Per) together with the 13 μs A-PCP and 10 μs H-PCP DADS. The specific major 
carbonyl frequencies of 3Per at 1761 cm-1 and 3Chl-a at 1698 cm-1 in THF confirm our 
assignment of the co-existence of the two triplet states in the infrared spectra of H-PCP and 
A-PCP.  
 
 
CONCLUSIONS 
 
In this paper, we have studied triplet-state dynamics in H-PCP and Chl-a/Per mixtures in 
organic solvent by means of step-scan FTIR spectroscopy. In H-PCP, the triplet state decays 
with a single lifetime of 10 µs with a DADS that is very similar to the 13 µs DADS of A-
PCP. In both complexes, the IR spectra reveal contributions from 3Per and 3Chl-a and suggest 
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that specific Peridinins are involved in the photoprotection mechanism. In A-PCP, the main 
3Chl-a quencher is probably the Per 614/624 pair, which has the shortest center-to-center 
distance to the Chl-a (Chl-a1 and Chl-a2). This structure most likely favors the efficient 
TEET and is at the basis for the delocalization of the Peridinin triplet state over the Chl-a 
molecule. In H-PCP, Per 614 and Chl-a should have a similar organization. The second 
DADS with a lifetime of 42 µs in A-PCP and its associated excitation wavelength 
dependency are not observed for H-PCP, which is most likely related to their different 
structures, with the H-PCP homo-dimer being symmetric, and A-PCP asymmetric. In 
addition, upon direct excitation of Chl-a in a mixture of Chl-a and Per in THF, TEET from 
Chl-a to Per proceeds on a µs timescale yielding 3Per, which decays in 7 µs. Using Target 
analysis, 3Chl-a and 3Per spectra (SADS) were extracted. The specific carbonyl frequencies of 
3Per and 3Chl-a in THF confirm our assignment of their co-existence in the infrared spectra 
(DADS) of H-PCP and A-PCP. The 3Per lifetime of 7 µs in THF is not affected by the 
presence of oxygen, which indicates that its energy level lies well below that of 1O2. Sharing 
of the Per triplet wavefunction over the Chl-a molecule could improve the photoprotection 
efficiency of the PCP light harvesting system. Alternatively, this “sharing effect” may be a 
consequence of a special arrangement of the Chl and carotenoids leading to highly efficient 
TEET.  
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APPENDIX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1: EADS resulting from global Analysis in terms of a sequential kinetic scheme applied to Chl-a 
and Per in THF with a Per: Chl-a stoichiometric ratio of 1: 8.  
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Intense sunlight is dangerous for photosynthetic organisms. Cyanobacteria, 
like plants, protect themselves from light-induced stress by dissipating excess 
absorbed energy as heat. Recently, it was discovered that a soluble orange 
carotenoid protein, the OCP, is essential for this photoprotective mechanism. 
Here we show that the OCP is also a new member of the family of photoactive 
proteins; it is the first example of a photoactive protein containing a carotenoid 
as the photoresponsive chromophore. Upon illumination with blue-green light, 
the OCP undergoes a reversible transformation from its dark stable orange 
form to a red “active” form. The red form is essential for the induction of the 
photoprotective mechanism. The illumination induces structural changes 
affecting both the carotenoid and the protein. Thus, the OCP is a photoactive 
protein which senses light intensity and triggers photoprotection. 
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Introduction 
 
To maximise the use of sunlight, photosynthetic organisms collect as much light as possible 
using an antenna made up of pigments attached to special proteins. However, excess light is 
harmful because it can induce the formation of dangerous oxygen species in the 
photochemical reaction centers. Under full sunlight conditions, a safety valve must be opened 
to convert the excess into heat and to reduce the amount of energy funnelled to reaction 
centres. It is well known that in plants, carotenoids play an essential role in photoprotective 
mechanisms within the chlorophyll-membrane antenna of photosystem II (PSII) (1-7). In 
contrast, the mechanism of thermal energy dissipation in cyanobacteria, which play a key role 
in global carbon cycling, remained elusive. Only within the last few years, was a 
photoprotective mechanism associated with the soluble phycobilisome antenna of PSII in 
cyanobacteria demonstrated (8-14). A specific soluble carotenoid protein, the Orange 
Carotenoid Protein (OCP), plays an essential role in this process (9,10). In its absence, 
thermal dissipation is completely abolished, rendering the cells more sensitive to high light 
intensities; this is manifested as a faster decrease in PSII activity in a mutant lacking the OCP 
(9). Surprisingly the role of the carotenoid in the OCP is completely different than the role of 
the photoprotective carotenoids in plants. The OCP appears to act as a photoreceptor 
responding to blue-green light; this induces energy dissipation (resulting in a detectable 
quenching of the cellular fluorescence, known as non-photochemical-quenching (NPQ)) 
through interaction with the phycobilisome (9,11). In mutants containing the OCP but lacking 
phycobilisomes, blue-green light was unable to induce the photoprotective mechanism (9,10).  
The OCP, a 35 kDa protein that contains a single non-covalently bound carotenoid (15-18), is 
the product of the slr1963 gene in Synechocystis PCC 6803 (16). Highly conserved homologs 
of the OCP are found in most of the cyanobacterial genomes. The structure of the Arthrospira 
maxima OCP has been determined to 2.1 Å resolution (19). It consists of two domains: a 
unique α-helical N-terminal domain and a mixed α helical/β sheet C-terminal domain. The 
embedded keto carotenoid, 3’-hydroxyechinenone (hECN), composed of a conjugated 
carbonyl group located at the terminus of a conjugated chain of 11 carbon-carbon double 
bonds in an all-trans configuration. The carotenoid spans both protein domains with its keto 
terminus nestled within the C-terminal mixed α/β domain. Absolutely conserved Tyr 44 and 
Trp110 make hydrophobic contacts with the hydroxyl terminal end of the carotenoid whereas 
two other absolutely conserved residues, Tyr203 and Trp290, form hydrogen bonds to the 
carbonyl moiety at the keto terminus of the pigment (ref. 19 and see Fig. 3A ).  
 
 
RESULTS 
 
To isolate the OCP, C-terminal His-tagged OCP mutants were constructed in Synechocystis 
PCC 6803, using kanamycin or spectinomycin resistance for mutant selection (Figs. S1 and 
S2). In the WT and the kanamycin resistant mutant, blue-green light induced similar 
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fluorescence quenching, indicating that the presence of the His-tag did not affect the activity 
of the OCP. In the spectinomycin resistant mutant, the fluorescence quenching was slightly 
decreased relative to the wild-type (WT, Fig. 1A); this correlates with a lower concentration 
of the OCP in this mutant (probably due to a destabilization of the mRNA) (Fig. 1B). In 
addition, a mutant was constructed in which the slr1963 gene containing a C-terminal His-tag 
was expressed using the psbA2 promoter region as promoter.  
In this strain large quantities of the OCP 
were present (Fig. 1B) and a very large 
fluorescence quenching was observed (Fig. 1A) confirming the relationship between OCP 
concentration and excitation energy quenching. The OCP was isolated using affinity Ni-
chromatography followed by an ion-exchange column (Fig. S3). The absorption spectrum of 
the His-tagged OCP isolated from Synechocystis 6803 is essentially identical to that of A. 
maxima (compare Fig. 2B dark form with the spectrum in Fig. 2 in ref. 20). As in the latter 
strain, it mainly binds hECN (Fig. S4). 
Figure 1: Relationship between blue-
green light induced NPQ and the OCP 
in whole cells. (A) Decrease of maximal 
fluorescence (Fm’) during exposure of WT 
(squares), over-expressing OCP mutant 
(circles), His-tagged OCP/Km resistant mutant 
(romboids) and His-tagged OCP/Sp resistant 
mutant (triangles) cells to 740 µmol photons m-
2 s-1 of blue-green light (400 to 550 nm). The 
graph is the average of 4 independent 
experiments and the error bars show the 
maximum and the minimum fluorescence 
value for each point. The cells were diluted to 3 
µg chlorophyll/mL. (B) Coomassie blue-stained 
gel electrophoresis and immunoblot detection 
(bottom panel) in membrane-phycobilisome 
fractions from His-tagged OCP/Sp resistant 
mutant (1), His-tagged OCP/Km resistant 
mutant (2), WT (3) and over-expressing OCP 
mutant (4). The arrow indicates the OCP. 
Each lane contained 1.5 µg chlorophyll (C) 
OCPr is present in whole cells under NPQ 
inducing conditions. Difference light-minus-
dark absorbance spectrum of the isolated OCP 
(grey) compared to the double difference 
absorbance spectrum: light-minus-dark over 
expressing OCP cells spectrum minus light-
minus-dark ΔOCP cells (strain without OCP 
(9)) (average of 5 independent experiments). 
The illumination of cells and spectra recording 
were realized at 11 °C.  
ΔOCP−Cells 
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In darkness or dim light the OCP appears orange (OCPo) and its absorption spectrum presents 
a typical carotenoid shape, reflecting the strongly allowed S0-S2 transition with three distinct 
vibrational bands; the 0-0 vibrational peak located at 496 nm (Fig. 2A and B). The position 
and shape of this transition corresponds to that of hECN locked into an all-trans conformation 
by the surrounding protein (20), in agreement with the crystallographic structure (19). 
Strikingly, upon illumination with blue-green light (400-550 nm) at 10°C, the OCPo is 
completely photoconverted to a red form, OCPr. The red-shifted spectrum of OCPr with a 
maximum at 500 nm loses the resolution of the vibrational bands (Fig. 2A and B). In order to 
elucidate whether the conversion of the OCPo to OCPr occurs in whole cells underNPQ 
inducing conditions, absorbance spectra of whole cells of the over-expressing OCP strain and 
the ΔOCP strain, lacking the OCP (9), were measured before and after illumination with high 
intensities of blue light at 11°C and the light-minus-dark difference spectra calculated. Our 
results strongly suggested that OCPr is accumulated in vivo under the conditions inducing 
energy dissipation and fluorescence quenching (Fig. 1C).   
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Figure 2: Isolated OCP is responsive to blue-green light: Photoconversion and dark 
recovery. (A) Photograph of isolated OCPo and OCPr. To obtain OCPr the isolated protein was 
illuminated with a blue-green light at 740 µmol photons m-2 s-1 at 12 °C for 2 min (B) Absorbance spectra 
of the dark orange form (OCPo; black) and the light red form (OCPr; grey). (C) Darkness red OCPr to 
orange OCPo conversion (decrease of the absorbance at 580 nm) and (D) photoconversion from the OCPo 
to the OCPr form using a 350 µmol photons m-2 s-1 blue-green light intensity (increase of the absorbance at 
580 nm) at different temperatures 32°C (grey diamonds), 28°C (white circles), 24°C (white squares), 19°C 
(grey triangles), 15°C (black squares) and 11°C (black circles). (E) OCPr accumulation at 11°C and 
different light intensities: 20 (white circles), 50, 120, 210, 350, 740 and 1200 (grey circles) µmol photons m-
2 s-1 of blue-green (400 to 550 nm). The protein concentration was OD 0.2 at 495 nm. 
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In darkness, OCPr spontaneously reverts to the orange form (Fig. 2C). This step is not 
accelerated by illumination (Fig. S5). The back–reaction kinetics (red to orange) shows a 
large temperature dependence, the half-time of recovery varying from 30 sec at 32°C to about 
45 min at 11°C. In vivo, the recovery NPQ kinetics also show a large temperature dependence 
however the kinetics are slower (8,9,14) than the OCPr to OCPo dark conversion, suggesting 
that the OCPr form is more stable in vivo than in vitro or that the fluorescence quenching 
remains longer than the OCPr form.  
 
In contrast, the initial rate of the light 
photoconversion was temperature-
independent (Fig. 2D). Thus, at a fixed 
light intensity, the steady-state 
concentration of OCPr depended on the 
temperature. This is reflected in vivo, 
where a larger NPQ was observed at 
7°C than at 33°C (Fig. S6). The 
kinetics of OCPr formation strongly 
depended on light intensity (Fig. 2E). 
This correlates with the observed 
dependency on light intensity of the 
blue-light induced NPQ in whole cells 
(9).  
 
 
 
Figure 3: The OCPr is essential for 
the induction of the photoprotective 
mechanism. (A) 100% conserved Tyr 
and Trp interacting with the carotenoid. 
(B) Decrease of maximal fluorescence (Fm') 
during exposure of WT (squares), over- 
expressing W110S OCP mutant (circles), 
His-tagged W110S OCP resistant mutant 
(triangles) cells to 740 µmol photons m-2 s-1 
of blue-green light (400 to 550 nm). (C) 
Immunoblot detection in membrane-
phycobilisome fractions from WT (1), over-
expressing W110S OCP mutant (2) and 
His-tagged W110S OCP (3). Each lane 
contained 1.5 µg chlorophyll (D) 
Absorbance spectra of the dark orange 
form (OCPo) and the light form (OCPr). 
The OCPo was illuminated during 15 min 
at 1200 µmol photons m-2 s-1 and at 10 °C. 
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Collectively these results strongly suggested that OCPr is the active form of the OCP and that 
pigment-protein interactions are critical to this activity. To confirm this, a C-terminal His-
tagged W110S-OCP mutant and an overexpressing C-terminal His-tagged W110S OCP 
mutant were constructed and characterized. High intensities of blue-green light induced no 
fluorescence quenching in the mutant (Fig. 3B) indicating that Trp110 is critical to the OCP’s 
photoprotective function.  
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Figure 4: Changes in the carotenoid and the protein upon illumination. (A) Resonance 
Raman spectra of Synechocystis PCC 6803 OCPr and OCPo and Arthrospira maxima OCPo in the 1750 to 
900 cm-1 range and (B) Light minus dark FTIR spectra of OCP in H2O (black line) and in D2O about 5 
(light grey) and 50 seconds (dark grey) after illumination with a blue LED in the carbonyl region between 
1730 and 1600 cm-1 (Amide I region). The OCPr minus OCPo Amide I differential pattern is assigned to H-
bond loosening (upshift) of the loops and α-helices carbonyl modes together with a H-bond strengthening 
(downshift of carbonyl modes) of the β-sheet. 
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This was substantiated by construction of an over-expressing W110S-OCP mutant in which 
very little quenching was induced, although large quantities of OCP were present (Fig. 3B 
and 3C). The absorbance spectrum of the isolated mutated OCP was similar to that of the WT 
OCP (Fig. 3D). Moreover each isolated mutant OCP contains a carotenoid molecule as judged 
by comparison to WT OCP (similar A467/A280 ratio, data not shown). High intensities of blue-
green light converted only a very small portion of the OCPo to OCPr even after 15 min of 
illumination at 10°C (Fig. 3D). Thus, there is a direct correlation between the accumulation of 
OCPr and the induction of the fluorescence quenching. Resonance Raman spectroscopy was 
used to observe light-induced structural changes of the hECN. The Raman spectra of the 
OCPo from A. maxima and Synechocystis PCC 6803 are nearly identical, indicating that the 
carotenoid-peptide interactions in these two proteins are remarkably homologous (Fig. 4A). 
Thus, the X-ray structure from the former strain may be used as a model for the OCP of the 
latter. This has been confirmed by the determination of the 1.65Å structure of the 
Synechocystis PCC6803 OCP (Kerfeld, unpublished results). Before illumination, the 
resonance Raman spectra of OCP-bound hECN shows that this carotenoid is in an all-trans 
conformation, in good agreement with the X-ray structure (19). The relatively high intensity 
of the bands in the ν4 region however indicates that this conformation is not planar, but highly 
distorted around the C-C bonds (21). Upon illumination the position of C=C stretching mode 
shifts from 1528 cm-1 to 1521 cm-1 indicating that the apparent conjugation length of hECN 
increased by about one conjugated bond (22), in agreement with the observed red-shift (Fig. 
4A). Trans-cis isomerisation of hECN should shift down the position of this band, and should 
result in the appearance of new bands in the spectra, due to the change in the molecular 
symmetry. As this is not observed, we can conclude that hECN is still all-trans in its red 
form. Of course, we cannot formally discard presence of end chain isomerisation (such as 7-
cis) whose effect on the Raman spectra (and on the electronic absorption spectra) is limited. 
The decrease of intensity of the 950 cm-1 indicates that upon photoconversion, hECN reaches 
a less distorted, more planar, structure (22). Similar differences were observed using the OCP 
from A. maxima (data not shown). Further studies will be necessary to elucidate the specific 
nature of the changes in the carotenoid. Light-induced Fourier transform infrared (FTIR) 
difference spectroscopy was applied to probe the light-induced structural changes in the 
protein of the OCP. Upon illumination, large changes in the OCP FTIR spectra can be 
observed around 1650 and 1550 cm-1 where the amide I and amide II protein modes are 
expected to contribute. In the light minus dark FTIR spectra, these protein contributions, with 
specific frequencies for each type of protein secondary structure (loops, α-helix and β-sheet) 
(23), may be formally attributed to the protein modes on the basis of their sensitivity to D2O 
exchange (hECN molecules contain only one, non-conjugated, exchangeable proton) (Fig. 
4B). The differential signal at 1677(-)/1697(+) cm-1 is assigned to portions of the protein 
without regular secondary structure, i.e., the loops. The α-helix and β-sheet carbonyl region 
shows an intense and broad negative band centered at 1643 cm-1 which has a corresponding 
induced absorption at 1663(+) and 1618(+) cm-1 assigned to α-helix and β-sheet, respectively. 
Light-induced Amide I changes in the OCP are large, suggesting a major rearrangement of the 
protein backbone. An up-shift of the Amide I vibrations of α-helix corresponds to a 
OCP, a photoactive carotenoid protein acting as a light intensity sensor 
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weakening of the NH – C=O hydrogen bonds that connect the turns, indicating a less rigid 
helical structure in a significant part of OCP upon formation of the red form. A down-shift of 
the Amide I vibrations of β-sheet corresponds to a shortening (i.e., a strengthening) of the NH 
– C=O H-bonds between the β strands resulting in a compaction of the β-sheet domain upon 
formation of the red form. The Amide I frequency-shift pattern observed here for OCP is 
strikingly similar to that observed in the LOV2 domain of phototropin, a flavin-binding blue-
light photoreceptor (24).  
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Figure 5: Primary photochemistry of OCP revealed by femtosecond spectroscopy. OCP 
was excited with 50 fs flashes at 475 nm and the absorbance changes were monitored between 400 and 675 
nm at time delays up to 3 ns (A) Global analysis of time resolved data in the form of Evolution-Associated 
Difference Spectra (EADS). Four kinetic components with time constant of 100 fs, 1 ps, 4.5 ps and a long 
lived component (expanded 30x) (B) Kinetic trace recorded at 565 nm (symbols) and the result of the 
global analysis (solid line). After decay of carotenoid excited-state signals on the picosecond timescale a 
non-decaying photoproduct is formed at low yield. Note that the time axis is linear up to 10 ps and 
logarithmic thereafter. The vertical axis is split into two linear axes to show the long-lived product. 
 
Ultrafast spectroscopy was applied to examine the primary photochemistry of the OCP and 
the efficiency of product formation. Figure 5A shows the result of a global analysis of the 
time-resolved data. Four kinetic components are required for an adequate fit. The 100 fs 
component corresponds to internal conversion of the initially excited, optically allowed, S2 
state of the carotenoid to the low-lying, optically forbidden S1 state coupled to an 
intramolecular charge-transfer (ICT) state. The 1 ps and 4.5 ps components correspond to 
decay of the S1 and ICT states (20). After decay of the hECN excited states on a ps timescale, 
a photoproduct remains at very low amplitude (Fig. 5B). The spectral signature of this 
product species is similar to that of the light-minus-dark spectrum of the OCP (Fig. 5A). 
However, the primary product is slightly red-shifted with respect to that of the light-minus-
dark, indicating that these states may be similar but not identical and that relaxation takes 
place on timescales longer than nanoseconds. The amplitude of the product state at 565 nm is 
only 1% of that of the original carotenoid bleach near 475 nm immediately after excitation 
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(Fig. 5A), consistent with the assumption that the OCP is a low quantum-yield photoactive 
protein. 
 
 
DISCUSSION 
 
Previously (9), we demonstrated that the OCP is specifically involved in a photoprotective 
phycobilisome-associated NPQ mechanism. Here, we show that the OCP is a photoactive 
protein sensing light intensity. Light induces the conversion between a dark stable orange 
form, OCPo and a metastable stable red form, OCPr. The accumulation of the OCPr is 
essential for the induction of the photoprotective mechanism. The OCPr is present in whole 
cells under illuminations inducing the NPQ mechanism. Moreover, high intensities of blue-
green light induced almost no fluorescence quenching in an OCP mutant in which the OCP 
photoconvertion was nearly abolished. The OCPo to OCPr conversion occurs with a very low 
quantum yield (about 0.03); this is likely to be due to the fact that the OCP protein is involved 
in a photoprotective process that must be induced only under high light conditions. Moreover, 
the ratio of the two forms under illumination depends on light intensity and temperature: more 
red “active” OCPr at high light intensities and low temperatures. This provides a mechanism 
for the protein to sense photoinhibitory conditions: high light and light + cold. Indeed, in vivo, 
greater fluorescence quenching is induced by increasing the light intensity and by lowering 
the temperature.  
Retinal, a carotenoid derivative, is the chromophore of rhodopsins, a family of photoactive 
membrane-embedded proteins that are used throughout the animal and microbial kingdom as 
light receptors (25). Since retinal and hECN share structural similarities it is worth 
considering whether OCP photoactivation could be similar to that of rhodopsin. However, our 
results suggest a completely different mechanism. Retinal is covalently bound to the protein 
by a protonated Schiff-base linkage to a Lys residue. The hECN in the OCP is close to an 
absolutely conserved Arg, but there is no covalent bond (19). Light induces an isomerisation 
of the retinal initiating the photocycle involving proton transfer between the Schiff-base and a 
carboxylate residue of the rhodopsin. In the OCP, no isomerisation was detected. Thus, 
although the specific changes in the carotenoid of OCP remain to be elucidated, they are 
clearly different to those occurring in retinal.   
Light-driven structural changes in the carotenoid correlate with the protein conformational 
changes observed by FTIR; the structural rearrangement in the OCP may be a precondition 
for interaction with the phycobilisome or other proteins. Collectively, our data suggest a 
mechanism analogous to that of other blue-light responsive proteins such as PYP and LOV 
domain containing proteins. In each of these, blue light causes changes in the chromophore 
that induces disruption of hydrogen bonding networks and large conformational changes in 
the protein required for the light-responsive function (26, 27). By analogy, we posit that the 
absorption of blue light by the OCP alters the strength of one or both of the hydrogen bonds 
between the carotenoid and the protein. The resulting conformational changes in the protein 
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could render the carotenoid more accessible and/or form a signal propagation pathway from 
the carotenoid to the surface of the OCP. 
The C-terminal domain of the OCP (between residues 196 to 296) is structurally similar to the 
7.8 kD core linker protein (Noam Adir, personal communication; Fig. 6A), although lacking 
significant sequence homology. The linker protein consisting of a three-stranded β-sheet and 
one α helix was co-crystallized with allophycocyanin (APC) trimers that constitute part of the 
core of the phycobilisome (28). The structure revealed that the linker protein is bound within 
the central aperture of the APC trimer and directly interacts with the β84chromophores of two 
APC subunits. Therefore we hypothesize that the C-terminal OCP domain, by interacting with 
the centre of an APC trimer, may bring the carotenoid into proximity of the APC 
chromophores. In addition, the Trp290 and Tyr203 residues, which interact with the carbonyl 
of the carotenoid, belong to the central strand of the β-sheet and to the α-helix of the C-
terminal domain respectively (Fig. 6B). Modifications in this domain caused by light-induced 
carotenoid changes could then possibly regulate the interaction between the carotenoid and 
the APC chromophores.   
 
Carotenoid molecules are able to quench 
excitation energy from tetrapyrrole 
molecules in vitro through energy transfer to 
their optically forbidden S1 state, coupled to 
an intramolecular charge-transfer state (29). 
It was recently proposed that this mechanism 
is at the origin of the NPQ process in higher 
plants (7). 3’-Hydroxyechinenone, which 
contains a conjugated carbonyl group, 
clearly exhibits such an intramolecular 
charge transfer state (20). Therefore we 
hypothesize that the OCP is not only the 
sensor of light but also the fluorescence 
quencher. Absorption of light by the hECN 
induces conformational changes of the 
carotenoid, shifting the absorption spectra towards the red region of the visible spectrum. The 
red-shift is likely necessary to tune the optically forbidden S1 state of hECN to a position to 
OCP
AP LC7.8
W290
Y203
hECN
A
B
Figure 6: Structural similarity between 
the OCP C-terminal domain and the 
core linker protein AP LC 7.8. (A) 
Superposition of the three strand β sheet and the 
α helix of the linker protein and of the C-
terminal domain of the OCP. (B) The OCP C-
terminal domain showing the carotenoid and the 
Y203 and W290 residues (in stick representation) 
superimposed onto the linker protein structure.  
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allow the energy transfer from the phycobilisome to the OCP. This mechanism is reminiscent 
of the gear shift mechanism proposed to explain the role of zeaxanthin in higher plant NPQ 
(30). Possibly, an increase of charge-transfer character of the hECN excited states upon 
formation of OCPr plays a role as well. Although the molecular mechanism of the orange to 
red conversion and the exact role of the OCP in the cyanobacterial photoprotective 
mechanism await elucidation, our results suggest several mechanistic hypotheses that open a 
new frontier in research on the functions of carotenoids: This is the first report of a carotenoid 
protein functioning as a photoactive protein sensing light intensity.  
 
 
Materials and Methods 
 
His-tagged strains construction. 
The Synechocystis PCC 6803 genome region containing the slr1963 and slr1964 genes was 
cloned. Then, the slr1964 gene was interrupted by a kanamycin resistance or a spectinomycin 
resistance cassette and nucleotides encoding for 6 His were added in the slr1963 gene. 
Synechocystis 6803 WT cells were transformed by these plasmids (Fig. S2A). To obtain a 
strain overexpressing the OCP, the genome region containing the slr1963 and slr1964 genes 
was cloned in the pPSBA2 ampicillin-resistant vector (31). Nucleotides encoding for 6 His 
were added in the 3’side of the slr1963 gene and a 1.3 kb kanamycin resistance gene was 
inserted. The plasmid obtained was used to transform the WT and the Cter6HSp/Sm mutant 
(Fig. S2B). The point mutation (W to S) was added in the slr1963 gene in the normally-
expressing and over-expressing plasmids by site-directed mutagenesis. More details in 
supplementary data. 
 
Purification of the Orange Carotenoid Protein. 
In this study, we used OCP isolated from the Km-resistant and Sp-resistant His-tagged OCP 
mutants. His-taggged OCP mutant cells (1 mg chl.ml-1) in 0.1 M Tris-HCl pH=8 buffer were 
broken in mild light using a French Press. The membranes were pelleted and the supernatant 
was loaded on a column of Ni-ProBond resin. The OCP was further purified on a Whatman 
DE-52 cellulose column. To quantify the OCP present in the different strains, membrane-
phycobilisome fractions were isolated (10) and were analyzed by SDS page on 12%/2M urea 
in a Tris/Mes system (32). The OCP was detected by a polyclonal antibody against OCP 
(10). Carotenoids were extracted as previously described (20) and separated by HPLC. Mass 
analysis was realized. More details in supplementary data. 
 
Spectroscopy measurements. 
The kinetics of fluorescence changes were monitored in a modulated fluorometer (PAM, 
Walz,Effelrich, Germany) as previously described (8). 
Ultrafast spectroscopy was carried out on a transient absorption setup based on an amplifier 
Ti:sapphire laser system operating at 1 kHz (Coherent Legend-USP seeded by a broadband 
Vitesse oscillator) equipped with optical parametric amplifiers (Coherent OperA). A 475 nm 
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50fs pump pulse at 200 nJ energy was used excite the sample. A white light continuum was 
used for probing. The polarization between pump and probe beams were set at the magic 
angle (54.7°). The sample was placed in a quartz flow cell of 2 mm optical path, and 
circulated by means of a peristaltic pump. The probe beam was spectrally dispersed by a 
spectrograph and projected on a 256 element diode array (Hamamatsu). The time resolved 
raw data, acquired by automatized measurement routine, were globally analyzed in term of 
interconverting evolution-associated difference spectra (EADS), i.e. 1→2→3→…. Global 
analysis (32) was applied to estimate the lifetime and relative concentration of each 
component at each wavelength. TIMP, an R package for modeling multi-way spectroscopic 
measurements was used. 
FTIR samples of the OCP in H2O and D2O were made with about 2 µL of 5 mM OCP spread 
between two tightly fixed CaF2 windows without any spacer. Light minus dark spectra were 
recorded using a FTIR spectrometer (IFS 66s Bruker) equipped with a nitrogen cooled 
photovoltaic MCT detector (20 MHz, KV 100, Kolmar Technologies). A blue LED emitting 
at 470 nm was used for photoconversion.  
Resonance Raman spectra, in resonance with the carotenoid electronic transitions, were 
recorded with a Jobin Yvon U1000 spectrometer equipped with liquid-nitrogen-cooled CDD 
detector (Spectrum One, Jobin-Yvon). A coherent Argon laser (Innova 100) was used for 
excitation at 496.5 nm (OCPo) or 528 (OCPr). During spectral measurements, the temperature 
of the sample was maintained at 10 K to avoid photoconversion of OCPo into OCPr and/or 
relaxation of OCPr into OCP0. The dark form of OCP was flash frozen in a liquid nitrogen 
bath.  
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His-tagged strains construction. 
The Synechocystis PCC 6803 genome region containing the OCP gene (slr1963) and the 
hypothetical gene slr1964 was amplified by PCR using the XhoIcar7 and the SpeIcar6 
oligonucleotides (all the oligonucleotides used in this work are described in Fig. S1). The 
PCR product of 2.2 kb was cloned in SK(+) ampicillin-resistant vector. Then, a 1.3 kb 
kanamycin resistance gene or a 2.2 kb DNA fragment containing the aadA gene from Tn7, 
conferring resistance to spectinomycin and streptomycin (Sp/Sm) were introduced in the 
unique HindIII restriction site of the slr1964 gene. The plasmid obtained was used to 
construct C-terminal or N-terminal His-tagged OCP mutants by site-directed mutagenesis 
using the Quickchange XL site-directed mutagenesis kit of Stratagene and synthetic 
mutagenic oligonucleotides. Synechocystis 6803 WT cells were transformed by double 
recombination by these plasmids (Fig. S2A). The mutant containing the His-tagged N-
terminal OCP presented a low blue-light induced fluorescence quenching (data not shown) 
and it was not further used. To obtain a strain overexpressing the OCP, the slr1963 and 
slr1964 genes were amplified by PCR using the 5’OCPNdeI and 3’OCPHpaI 
oligonucleotides. The PCR product of 1.5 kb was cloned in the pPSBA2 ampicillin-resistant 
vector (31). Nucleotides encoding for 6 His were added in the 3’side of the slr1963 gene by 
site-directed mutagenesis. A 1.3 kb kanamycin resistance gene was then inserted in the unique 
HpaI restriction site of pPSBA2. The plasmid obtained was used to transform by double 
recombination the WT and the Cter6HSp/Sm mutant (Fig. S2B). The point mutation (W to S) 
was added in the slr1963 gene in the normally-expressing and over-expressing plasmids by 
site-directed mutagenesis. 
 
Purification of the Orange Carotenoid Protein. 
In this study, we used OCP isolated from the Km-resistant and Sp-resistant His-tagged OCP 
mutants. His-taggged OCP mutant cells grown as described in Wilson et al. (9) (about 15 
litres) at OD800=1 were harvested by centrifugation. The pellets were resuspended in 0.1 M 
Tris-HCl pH=8 supplemented with 1 mM benzamidine, 1 mM aminocaproic acid, 5 mM 
EDTA, 1mM Phenyl-methylsulfonyl fluoride and 50 µg.ml-1 DNase I (bovine pancreas type 
IV, Sigma) to a final chlorophyll concentration of 1 mg.ml-1. The suspension was broken in 
mild light with four cycles of French Press at 700 psi. After removing unbroken cells by 
centrifugation, membranes were pelleted by centrifugation at 180,000xg for 1h30 min at 4°C. 
The supernatant was loaded on a column of Ni-ProBond resin (Invitrogen) which had been 
equilibrated with 40 mM Tris-HCl pH8, 150 mM K+ phosphate buffer, 500 mM NaCl, and 
10% glycerol. The column was washed with 4 volumes of the equilibrating buffer 
supplemented with 30 mM imidazole and the OCP was eluted with 160 mM imidazole in the 
equilibrating buffer. The eluate was dialysed against 40 mM Tris-HCl pH=8 at 4°C for 24h. 
The protein was further purified on a Whatman DE-52 cellulose column. The OCP was eluted 
using 80 mM NaCl in 40 mM Tris-HCl pH 8, dialysed against 40mM Tris-HCl pH=8 at 4°C 
for 24h and concentrated to OD495=2. To determine protein molecular weight and purity, the 
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protein was analysed by SDS-page on a 12% polyacrylamide/2M urea in a Tris/MES system 
(32) (Fig. S3A). Ultraviolet and visible absorption spectra of the protein were recorded on 
Uvikon XL. The A467/A280 absorbance ratio was used as a criterion of purity and in most 
preparations was 1.97 (Fig. S3B). To quantify the OCP present in the different strains, 
membrane-phycobilisome fractions were isolated (10) and were analyzed by SDS page on 
12%/2M urea in a Tris/Mes system (32). The OCP was detected by a polyclonal antibody 
against OCP (10).   
 
Carotenoid characterization. 
Carotenoids were extracted as previously described (20). Mass analysis was conducted on 
aliquots of the dried extract dissolved in 400 µl of acetonitrile/water (90:10, v:v) using a 
Quattro LC instrument with an ESI « Z-spray » interface (Micromass, Manchester, U.K.), 
MassLynx software, an Alliance 2695 separation module (Waters, Milford, MA), and a 
Waters 2487 dual UV detector set at 450 nm. Separation was achieved on two 100x4.6mm 
and 150x4.6mm, reverse-phase Adsorbosphere HS C18 3mm columns in series (Alltech, 
Templemars, France) using a linear 20-min gradient of ethyl acetate (0 to 95%) in 
acetonitrile/water/triethylamine (9:1:0.01, v:v:v) at a flow rate of 0.5 ml/min and at a 
temperature of 30°C. 
 
Ultrafast spectroscopy. 
Ultrafast spectroscopy was carried out on a transient absorption setup based on an amplifier 
Ti:sapphire laser system operating at 1 kHz (Coherent Legend-USP seeded by a broadband 
Vitesse oscillator) equipped with optical parametric amplifiers (Coherent OperA). A 475 nm 
50fs pump pulse at 200 nJ energy was used to excite the sample. A white light continuum was 
used for probing. The polarization between pump and probe beams were set at the magic 
angle (54.7°). The sample was placed in a quartz flow cell of 2 mm optical path, and 
circulated by means of a peristaltic pump. The probe beam was spectrally dispersed by a 
spectrograph and projected on a 256 element diode array (Hamamatsu). The time resolved 
raw data, acquired by automatized measurement routine, were globally analyzed in term of 
interconverting evolution-associated difference spectra (EADS), i.e. 1→2→3→…. Global 
analysis (33) was applied to estimate the lifetime and relative concentration of each 
component at each wavelength. TIMP, an R package for modelling multi-way spectroscopic 
measurements was used. 
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FIGURES SUPPLEMEMNTARY 
 
A 
Oligonucleotides used to amplify the slr1963 and slr1964 genes 
XhoI creating primer car 7  
5’-CGGCCGCTCGAGTGACTATTGTCGCGACTAGGGA-3’ 
SpeI creating primer car 6  
5’CACCGGACTAGTCAAAAACTATCTGCTGGCGATCG-3’   
NdeI creating primer 5’OCPNdeI 
 5’-GCATTCCATATGCCATTCACCATTGACTCTGCCC-3’ 
HpaI creating primer 3’OCPHpaI  
5’-GCATCGGTTAACGGTGTACACCTACAGCAAGCAA-3’  
B 
Oligonucleotides to introduce a His-tag in the OCP: 
OCP Nter6H a: containing the PmlI restriction site  
5’-CACCACCACCACCACCACGTGACCATTGACTCTGCCCGCGGAATTTTCC-3’ 
OCP Nter6H b:  
5’-CACGTGGTGGTGGTGGTGGTGTGGCATAGGTTTTATACGTGAATCAACT-3’ 
OCP Cter6H a: containing the ApaLI restriction site. 
5’-GTGCACCACCACCACCACCACTAGAATAACTCCCTTCAGAGTTTTGTCT-3’ 
OCP Cter6H b:  
5’-GTGGTGGTGGTGGTGGTGCACAGCAAAGTTGAGTAATTCTTTGGGGGAA-3’  
C 
Oligonucleotides used to introduce the W110S mutation (TGG to TCG) 
5'-CATTAAACTTGGCTTCTCGTACCGTTTAGGCG-3'  
5'-CGCCTAAACGGTACGAGAAGCCAAGTTTAATG-3'  
 
Figure S1: Oligonucleotides used as primers in the construction of His-tagged mutants 
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1 : PCR amplification of WT DNA (1.5 kb)
2 : PCR amplification of overexpressing OCP DNA 
(3.5 kb)
3 : PCR amplification of overexpressing OCP/His-
tagged OCP DNA (3.5 kb)
A
1 : PCR amplification of WT DNA (2.2 kb)
2 : PCR Cter6His Sp/Sm (4.3 kb)
3 : PCR Cter6His  Km (3.6 kb)
4.0 kb
3.0 kb
2.0 kb
1.5 kb
1.0 kb
0.5 kb
MW    1      2       3
4.0 kb
3.0 kb
2.0 kb
1.5 kb
1.0 kb
0.5 kb
1     2      3    MW
B
ApaLI
kan
slr1963 slr1964CATATG TAA
HpaI
NdeI
psbA2 upstream region
psbA2 downstream region
SmaI SmaI
psbA1 psbA2
slr1963 slr1964
Sp/Sm or kan
C-terminal His-tagged
Car 7 Car 6ApaLI
 
 
Figure S2: Construction of OCP mutants. (A) Gene arrangement of the slr1963 and slr1964 genes 
and amplification of genomic Synechocystis DNA from His-tagged mutants using car6 and car7 
oligonucleotides as primers. The amplification gave a unique fragment of 4.3 kb (including the Sp/Sm 
resistance cassette) or of 3.6 kb (including the Km resistance cassette) instead of 2.2 kb observed with WT 
DNA indicating that in the mutants a complete segregation was obtained. The presence of the nucleotides 
coding for the 6 His was confirmed by cutting with the restriction enzyme ApaLI and by DNA sequencing. 
(B) Gene arrangement in the psbA2 region of the mutant overexpressing the OCP and amplification of 
genomic Synechocystis DNA from the WT and the overexpressing OCP mutants using psbA1 and psbA2 as 
primers. The amplification gave a unique fragment of 3.5 kb in the mutants and a fragment of 1.5 kb in 
the WT. 
psbA1: 5’-ACGCCCTCTGTTTACCCATGGAA-3’ 
psbA2: 5’-CCAGGCCTCAACCCGGTACAGAG-3’ 
 
 
Chapter 4  
 
 97
0
0.05
0.1
0.15
0.2
300 400 500 600 700
Ab
so
rb
an
ce
Wavelenght (nm)
Purified OCP
467 nm 495 nm
A467/A280= 1.97
BA
220
100
60
45
30
20
12
1      2      3
OCP 35 kDa
Ab
so
rb
an
ce
Ab
so
rb
an
ce
Ab
so
rb
an
ce
 
 
Figure S3: Isolation of the OCP protein. (A) Coomassie blue-stained gel electrophoresis of the 
soluble phase of His-tagged OCP Synechocystis 6803 mutant cells (A1), after elution of the Ni-column (A2) 
and after elution of the DE-52 column (A3). (B) Absorbance spectrum of the isolated OCP. 
The high ratio A467/A280 indicates a high purity of the protein. 
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Figure S4: Liquid Chromatography-Mass Spectrometry (LC-MS) analysis of 
products extracted from the OCP protein. (A) HPLC analysis shows the two major products 
P1 and P2 (AU, absorption units), (B) and (C) show the mass spectra (positive mode) of P2 (molecular 
mass: 550) and P1 (molecular mass: 566) products, respectively. (D) and (E) show the CID spectra of 
the MH+ ions of P2 (at 30eV) and P1 (at 25eV) products, respectively. 
 
HPLC-MS analysis provides molecular mass data supporting the assignment of the 
structure of the P2 product as echinenone (based on retention time compared with native 
cyanobacteria echinenone (data not shown) and molecular mass) and of P1 product as 3’ 
hydroxyechinenone (16 mass units heavier than echinenone and similar CID spectra than 
echinenone with prior loss of 18 mass units corresponding to the 3-hydroxyl group, 549 
(M-H20).  
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Figure S5: Absorbance spectra of the isolated OCP before and after illumination. We took 
advantage of the slow reconversion at low temperature to test if once formed, the red OCPr (black line), 
can be photoconverted to OCPo. The OCPr was illuminated for 3 min (12°C) with orange-red light 
preferentially absorbed by the red form: 600-650 nm and 530-650 nm at 1200 µmol photons m-2 s-1.  
 
During orange illumination a very slight blue shift of the spectrum was observed identical to 
that induced by 3 min of darkness (circle black line). Thus, there is no photoreaction 
converting the red form into the orange form. This suggests that the OCP does not detect 
different quality of light; it detects only light intensity. The spectrum of the stable OCPo dark 
form is also shown (grey line). 
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Figure S6: Blue-green light induced quenching in whole Synechocystis 6803 cells at 
different temperatures. (A) Decrease of maximal fluorescence (Fm) during exposure of whole WT 
cells to 740 µmol photons m-2 s-1 of blue-green light (400-550 nm) at 33 (circles), 24 (squares), 16 
(triangles) and 7 °C (diamonds). (B) Photoconversion from the OCPo to the OCPr form using a 740 µmol 
photons m-2 s-1 blue-green light intensity at 16 (squares) and 33 °C (circles).  
 
These results show that the maximum fluorescence quenching was larger at lower 
temperatures: 30% of initial Fm at 33°C (reached in 2 min) and more than 43% at 7°C (after 
one hour illumination). The curves also show that in vivo, the kinetics of the induction of the 
fluorescence quenching decreased by lowering the temperature (see also 14) and that even at 
33°C the induction is slower than the photoconversion of OCPo to OCPr suggesting that this 
conversion is not the rate-limiting step of the NPQ process. However, although cells and 
isolated OCP were illuminated with the same light intensity, we do not know the real light 
intensity detected by the OCP in the interior of the cell. Thus, we can also suggest that only at 
temperatures lower than the growth temperature (34°C) the photoconversion is not the rate-
limiting-step. 
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In LOV2, the blue-light sensitive domain of phototropin, the primary 
photophysical event involves intersystem crossing (ISC) from the singlet-
excited state to the triplet state. The ISC rate is enhanced in LOV2 as 
compared to FMN in solution, which likely results from a heavy-atom effect of 
a nearby conserved cysteine, C450. Here, we applied Fluorescence Line 
Narrowing (FLN), resonance Raman (RR) and Fourier-Transform Infrared 
(FTIR) spectroscopy to investigate the electronic structure of FMN bound to 
Avena sativa LOV2 (AsLOV2), its C450A mutant and Adiantum LOV2 
(phy3LOV2). We demonstrate that FLN is the method of choice to obtain 
accurate vibrational spectra on highly fluorescent flavoproteins. The 
vibrational spectrum of AsLOV2-C450A showed small but significant shifts 
with respect to those of wild type AsLOV2 and phy3LOV2, with a systematic 
down-shift of Ring I vibrations, upshifts of Ring II and III vibrations and an 
upshift of the C2=O mode. These trends are similar to those in FMN model 
systems with an electron-donating group substituted at Ring I, known to 
induce a quinoid character to the electronic structure of oxidized flavin. Thus, 
enhancement of the ISC rate in LOV2 is induced through weak electron 
donation by the cysteine which mixes the FMN π-electrons with the heavy 
sulfur orbitals, manifesting itself in a quinoid character of the ground 
electronic state of oxidized FMN. The proximity of the cysteine to FMN thus 
not only enables formation of a covalent adduct between FMN and cysteine, 
but also facilitates the rapid electronic formation of the reactive FMN triplet 
state.  
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INTRODUCTION 
 
In biological photoreceptors, the physiological light-driven reaction of the chromophore 
generally is catalyzed as a result of specific interactions between the chromophore and its 
protein environment. For instance, the isomerisation yield of retinal is enhanced from about 
10% in organic solvent 1 to about 60% in the rhodopsins and occurs selectively around one 
specific double bond 2, 3. Likewise, in PYP the isomerization yield of p-coumaric acid 
amounts to ~30% 4, whereas in organic solvents it is essentially zero 5-7. Besides these 
traditional photoreceptors with an isomerizing cofactor, recently characterized flavin-binding 
photoreceptors such as the cryptochromes, BLUF domains and phototropins utilize alternative 
photochemistries to generate a stable biological signal. In BLUF domains, strategically placed 
aromatic side chains and hydrogen-bonding partners are responsible for light-driven electron 
and proton transfer reactions to and from the flavin chromophore, respectively, and for the 
ensuing hydrogen-bond rearrangements 8-13. Light-driven electron transfer probably 
constitutes the primary reaction in cryptochromes as well 14. This highlights the complex and 
important role that the protein environment has in tuning intraprotein/chromophore reactions 
into productive biological function. Flavoenzymes are characterized by their remarkable 
versatility and strict specificity. Each flavoenzyme has a specific, fine-tuned regulatory 
mechanism to deal with the highly reactive versatility of the flavin, involving e.g. hydrogen-
bonding networks, electrostatic effects, charge-transfer interactions, positioning between a 
substrate/ligand and flavin, and modulation of resonance hybridization 15, 16. LOV domains 
constitute the light sensitive domains of the phototropins 17-19. They bind FMN and the 
primary photophysical event after photon absorption involves intersystem crossing from the 
FMN singlet excited state to the triplet state at a high efficiency of ca. 60 - 80% 20-25. From 
the FMN triplet state, a covalent thio-adduct is formed between a conserved nearby cysteine 
residue and the C4a atom of FMN 26-31. The presence of the conserved cysteine at about 4 Å 
of the FMN 28, 30, 32 is responsible for a shortening of the singlet-excited state lifetime by a 
factor of 2-3 as compared to FMN in solution 21 or cysteine-less mutants 23, 33. Thus, the ISC 
rate is enhanced in LOV bound FMN, most likely due to a heavy-atom effect of the cysteine 
sulfur near the flavin isoalloxazine ring 21, 23, 30. The proximity of the cysteine to the 
isoalloxazine ring thus not only provides the structure that enables formation of a covalent 
adduct, but also facilitates the rapid electronic formation of the reactive FMN triplet state. 
The electronic structure of biological chromophores can be examined with high sensitivity 
and selectivity via the resonance Raman effect. A major difficulty in such studies is 
interference from fluorescence, either intrinsic to the sample or caused by impurities. Because 
many flavin-binding photoreceptors are highly fluorescent, especially LOV domains 21, 23, 24, 
34, interference from fluorescence constitutes a significant problem if one wants to gain 
specific and selective vibrational information. Alternatively a site-selective spectroscopic 
method called fluorescence line narrowing (FLN) 35-37 allows the recording of vibrationally-
resolved fluorescence spectra from inhomogeneously broadened chromophores in proteins. In 
FLN, a narrowband laser is used to excite a sample/chromophore at cryogenic temperatures, 
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Figure 1: The principle of the FLN 
technique in the case of LOV2. (a) 
Schematic energy scheme of 
inhomogeneously broadened FMN in 
LOV2. Each column of dash represents 
a FMN, along the horizontal axis the 
FMN distribution population is 
represented. At 10K, only the lowest 
vibrational (v0,0) FMN ground state (S0) 
is populated. The narrow bandwidth 
laser at 488.1 nm selectively promotes a 
subset of FMN molecules from the 
ground state (S0,0) to the excited state 
(S1,0). (b) Jablonski diagram in the case 
of site selective emission of the FMN 
subset at 10K, the vibrational levels of 
the ground state are resolved. (C) The 
inhomogeneously broadened absorption 
spectrum of AsLOV2 at RT is shown in 
grey. Excitation with a narrowband 
laser at 488.1 nm (20488 cm-1) at 10K 
selects a subset of molecules where the 
zero phonon line (ZPL) coincides with 
this energy. Such single site absorption 
spectrum (grey) consists of a sharp ZPL 
and a broad phonon wing (PW) to the 
blue. The PW is due to electron-phonon 
coupling. The single site fluorescence 
spectrum in black is the mirror image of 
the single site absorption spectrum, in 
the maximum of the ZPL, with a PW to 
the red. Intramolecular vibronic 
coupling gives rise to single-site spectra 
that are shifted with the vibrational 
frequency. Such spectra consist of a 
vibronic ZPL and PW. The vibronic 
ZPL (vZPL) correspond to the vibronic 
bands of the FLN spectra (dark grey).  
and a vibrationally resolved emission spectrum is obtained. The FLN technique takes 
advantage of the chromophore fluorescence and measures vibrational bands arising from the 
emitting state affording a pure vibrational spectrum of the chromophore. In this respect, FLN 
and resonance Raman achieve a comparable selectivity. The principle of FLN spectroscopy is 
shown Figure 1. 
 
 
 
In this work we have investigated the electronic structure of FMN bound to the LOV2 domain 
of Avena sativa (oat) phototropin 1 (hereafter referred to as AsLOV2) by means of RR and 
FLN spectroscopy. FLN appears to be much more suitable to get vibrational information on 
FMN in LOV domains as compared to RR. The high quality of the spectra allows a detailed 
analysis of the electronic system of oxidised ground-state FMN in LOV2 domains. By 
comparing wild type LOV2 with a cysteine-less mutant, we have assessed the nature and 
extent of electronic perturbation of the FMN chromophore by the conserved cysteine. We find 
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that the presence of the thiol group of the cysteine slightly displaces the resonance 
equilibrium of the oxidised FMN toward the quinoid form. We propose that the quinoid 
character induced by the cysteine thiol on the oxidised FMN ground state of LOV2 domains 
is related to an increased ISC rate, leading to the observed fluorescence quenching. Such 
enhancement of the ISC rate is physiologically relevant as it promotes population of the 
reactive FMN triplet state from which the stable biological signalling state is generated 
through protein structural changes propagation outside the LOV2 domain to the kinase 
domain in phototropins 38.  
 
 
MATERIALS AND METHODS 
 
LOV2 expression and purification.  
The LOV2 domain from Avena sativa (oat) phototropin 1 was expressed and purified as 
previously described 39. A. sativa phototropin 1 LOV2 was expressed from a construct 
spanning residues 404–560 (construct generously provided by L. Neil and K. Gardner of the 
University of Texas Southwestern Medical Center, Dallas, USA). The collected fractions 
containing AsLOV2 from the His-Trap HP column (GE Healthcare, Netherlands) contained 
about 150 mM imidazole and were further dialysed against a buffer containing 20 mM 
Tris/HCl pH 8, plus 10 mM NaCl (10 mL of AsLOV2 against 5 L buffer) and further purified 
using a 6 mL Resource Q ion-exchange column (GE Healthcare, Netherlands) using an NaCl 
gradient in order to ensure complete removal of imidazole. The sample was stored in 20 mM 
Tris/HCl pH 8, 50 mM NaCl. Phy3LOV2 and AsLOV2-C450A were purified as previously 
described 40, 41 and stored in the same buffer as AsLOV2 wt. For FLN, RR and FTIR 
measurements the samples were concentrated to an OD of about 100 at 450 nm (CLOV2=8 
mM). For FLN, less concentrated samples, in the μM range, could be used but afforded less 
signal likely due to the hole burning competitive process.  
 
Resonance Raman and Fluorescence Line Narrowing spectroscopy. 
Resonance Raman and Fluorescence Line Narrowing spectra were obtained using a U1000 
double monochromator (Jobin Yvon, Longjumeau, France) equipped with an ultra-sensitive, 
deep-depleted, front illuminated CCD (Jobin Yvon). Excitations at 413 nm for RR and 488.1 
nm for FLN were provided by a Innova 90 Krypton laser and Innova 100 argon laser 
(Coherent, Palo Alto, Calif.), respectively. The spectra were obtained at a spectral resolution 
of 1 cm-1. During measurements, the samples were kept at 10 K in a helium flow cryostat (Air 
Liquide, Sassenage, France). The laser power for RR and FLN experiments was about 10 
milliwatts and less than 100 microwatts, respectively.  
 
Differential FTIR spectroscopy.  
Differential infrared spectra have been recorded using a FTIR spectrometer (IFS 66s Bruker, 
Germany) equipped with a nitrogen cooled photovoltaic MCT detector (20 MHz, KV 100, 
Kolmar Technologies, Inc., USA). A blue LED emitting at 470 nm was used for 
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photoconversion at saturating intensity. FTIR samples of AsLOV2 in H2O have been 
measured at RT. The sample was made with a drop of 2 µL (8 mM AsLOV2 in 20 mM 
Tris/HCl pH 8, 50 mM NaCl) spread between two tightly fixed CaF2 windows without any 
spacer and greased for tightness. For FTIR FMNH° minus oxidised spectrum of AsLOV2wt, 
imidazole/HCl at pH 8 was added to a final concentration of 5 mM before concentration. 
Addition of imidazole in very concentrated LOV samples (5 mM) induces semiquinone 
radical formation in the AsLOV2 wt (Alexandre, Kennis manuscript in preparation) under 
blue light illumination. In diluted protein solutions (~ 100 µM) only base catalysed adduct 
cleavage has been observed 42.   
 
RESULTS AND DISCUSSION 
 
Resonance Raman and FLN spectra of phototropin 1 LOV2.  
Figure 2 shows the comparison between RR spectra obtained with 413 nm excitation and 
FLN spectra obtained with 488.1 nm excitation of AsLOV2 at 10 K.  
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Figure 2: Resonance Raman and FLN data recorded on the LOV2 domain. (Upper) resonance Raman 
raw data, obtained with 413 nm excitation, of wild type AsLOV2 at 10K from 1800 to 600 cm-1 (grey line) 
and from 1300 to 1750 cm-1 (light grey line). The acquisition time was 2 hours. The RR spectrum after 
averaging 3 samples and baseline correction is shown in black line. (Lower) FLN raw data acquired on 
AsLOV2, obtained with 488.1 nm excitation. The FLN spectrum is obtained upon lowering the 
temperature to 10K, where vibronic bands are resolved (grey line). The acquisition time was 2 minutes. 
The FLN spectrum after averaging 2 samples and baseline correction is shown in black line. The phonon 
wing at 77K, acquired on the C450A mutant of AsLOV2 is shown as the light grey line. 
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The RR bands appear on a strong fluorescent background. The FLN spectrum is composed of 
the phonon wing (PW), due to the coupling of the electronic transition to the inter-molecular 
vibrations of the FMN and the protein (electron-phonon bath), and sharp vibronic bands on 
top of the PW that result from the coupling to the intra-molecular vibrations of the FMN. The 
latter vibrational features are of interest to us and will be discussed further in the paper. The 
sharp vibronic bands on the PW only appear below 15 K (data not shown) using a 
narrowband laser at 488.1 nm for selective excitation. RR and FLN spectra where collected 
for 2-3 hours and less than 2 minutes, respectively. It is clear from Figure 2 that despite 
extensive signal averaging the RR spectra are of a medium quality, while FLN spectra are 
nearly noiseless with only 2 minutes accumulation time. RR and FLN spectra after baseline 
correction and averaging are also shown Figure 2. For clarity, RR spectra were smoothed 
using an adjacent averaging (5 points) function of Origin 7.0 software. The low frequency 
region (1100 – 600 cm-1) of the RR spectra exhibits a few small identifiable bands, whereas in 
FLN, the position and line shapes of these weak bands are clearly resolved. The positions of 
all bands identified in these spectra are reported in Table 1 (in appendix). Evidently, there is 
an almost perfect match of the frequencies of the most intense bands between the FLN and 
RR spectra. In addition, the RR spectra reported in this work match the pre-resonance Raman 
spectra of FMN and Chlamydomonas phototropin LOV1 31, 43 with major bands at about 
1630, 1585, 1410 and 1355 cm-1, which are assigned mainly to C=C of ring I, and to C=N and 
C-N/C-C of ring II and III, respectively (Figure 2). Furthermore, these band positions agree 
well with the negative bands obtained by light minus dark FTIR spectroscopy of LOV 
domains 31, 43, 44. Because of this good mutual agreement, we can use the attribution of the RR 
bands of FMN for identifying the bands in the FLN spectra (refs to attribution: 31, 43, 45, 46, 
table 1 in appendix).  
 
Perturbation of the oxidized-FMN electronic structure by the conserved cysteine in LOV2.  
The high specificity and quality of the FLN spectra of the AsLOV2 domain allow a good 
estimate of the main modes of the bound oxidized FMN in the dark state (Figure 3). We have 
investigated the influence of the conserved and reactive cysteine on the FMN electronic 
structure. For this, we compared FLN spectra of two well-characterised wild type LOV 
domains, AsLOV2 and the Adiantum phy3LOV2 domain (phy3LOV2) with that of the 
cysteine-less mutant AsLOV2-C450A (Figure 4 and Table 1 in appendix). A high similarity is 
observed between the vibrational modes of FMN in AsLOV2 and phy3LOV2 wild type, 
which is in line with the high sequence homology between these domains, especially in the 
region of the FMN binding site. It also shows the high reproducibility and specificity of 
measurement of FLN spectra, even when the weaker bands are concerned. Interestingly, 
significant and well-defined differences are seen when comparing the FLN spectra of these 
two wild type domains with that of the cysteine-less mutant, AsLOV2-C450A. Figure 4 shows 
the major band-shifts observed in five distinct spectral regions when comparing AsLOV2 and 
phy3LOV2 domain to AsLOV2-C450A, described below.  
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Figure 3: Structure and numbering for FMN. R denotes the ribityl chain.  
 
In the C=C and C=N spectral region (1640-1530 cm-1), the C=C Ring I modes are 
downshifted by the mutation from 1632 to 1629 cm-1. The C4a=N5 and C10a=N1 modes are 
up-shifted from 1582 to 1584 cm-1 and from 1550 to 1551 cm-1, respectively. The same 
differences were observed in RR spectra. However, in that case the sensitivity was lower due 
to the smaller signal-to-noise ratio, particularly for the C450A mutant, which shows a higher 
fluorescence yield (See Figure S1 and S2 in Supporting Information).  
The region between 1480 and 1420 cm-1 is dominated by, Ring I, C7-C8 and C7,8-Me 
modes. Bands at 1465 cm-1 and 1450/1430 cm-1 upshift and downshift to 1467 cm-1 and 
1448/1427 cm-1, respectively upon mutation. Bands at 1450/1430 cm-1 are strongly coupled to 
Ring II. The band at 1465 cm-1 is an almost pure Ring I (C7-C8) vibration and its upshift is 
consistent with the C=C Ring I downshift. The marked shift of such bands upon mutation 
suggest a strong influence of the cysteine sulphur atom on the C7-C8 and C8=C9 moiety of 
the isoalloxazine moiety.  
In the 1420-1340 cm-1 region, the ν(N3-C2)/ ν(N1-C2) stretch mode is downshifted in 
the mutant, from 1406-1407 cm-1 to 1404 cm-1. The band arising from the N10-C10a/ C5a-C6 
stretching mode up-shifts upon mutation from 1358 cm-1 to 1356 cm-1. 
In the 1290-1200 cm-1 region, the N3-C2/N3-C4 stretch mode of the mutant up-shifts 
from 1252 to 1255 cm-1 as well as C4a-C10a/ C4-N3 stretch, which up-shift from 1275-1274 
to 1276 cm-1,whereas the band arising from the C8-CH3/N3-C4 bending and stretching modes 
downshift from 1226 to 1223 cm-1.  
In the 1200-1130 cm-1 region (Figure 4), the band arising from the ν(C2-N3)/ ν(C4a-
C4) and ν(C4a-C10a)/ ν(C4a-C4) modes upshifts in the mutant from 1141 to 1143 cm-1 and 
from 1162-1163 to 1165 cm-1.  
The latter bands, in particular those below 1300 cm-1, arise from mixed modes and are 
associated with highly delocalized aromatic framework vibrations and are thus not easy to use 
for drawing precise conclusions about the FMN. However, they are usually sensitive to 
changes in and around the chromophore, and as such, can be expected to exhibit a specific 
pattern upon mutation. 
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Figure 4: FLN spectra of various LOV2 domains. (a) FLN spectra of wild type AsLOV2, wild type 
phy3LOV2 and the AsLOV2-C450A mutant. (b): Four distinct spectral regions showing wild type 
AsLOV2 (black line), wild type phy3LOV2 (dotted line) and AsLOV2-C450A mutant (grey line).  
 
 
Summarizing, bands experiencing an up-shift upon loss of the cysteine are those located at 
1582, 1550, 1356, 1252, 1163 and 1141 cm-1, and belong almost exclusively to Ring II and 
III. On the other hand, the bands experiencing a down-shift upon loss of the cysteine are those 
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at 1632, 1450, 1406 and 1223 cm-1, and belong mainly to Ring I. The behaviour of the 1632 
and 1582 cm-1 modes, which down-shift and up-shift, respectively, upon mutation, thus 
reflects the overall changes observed in the FLN spectra, as most Ring I modes down-shift 
and Ring II and III modes up-shift upon loss of the cysteine.  
 
The cysteine shifts the resonance structure of FMN towards the quinoid form: comparison 
with (C8)-substituted flavins. 
Strikingly, the presence of the cysteine in the vicinity of FMN has an effect on the vibrational 
frequencies of FMN that is similar to that of an electron donating group substituted at the C8 
site of flavin 47-50, albeit with smaller absolute frequency shifts. In the latter case, it was 
shown that the quinoid resonance structure of the flavin was favoured, as schematically 
depicted in Figure 5. Band I at around 1630 cm-1 is assigned to C=C stretch of ring I 45, 47 and 
upshifts when position 8 is substituted with an electron-donating group: to 1641 and 1638 cm-
1 for the CH3NH and O- substitutions, respectively 49. In contrast, flavin Band I has been 
shown to downshift upon 7,8-dichloro substitution 47 and 8-halogeno substitution by Cl, Br 
and I 48. This is consistent with their opposite electron withdrawing property as compared to 
the oxygen, nitrogen and sulphur atom or containing groups. Band II at 1584 cm-1 arises from 
modes mainly localized on ring II 45; it was assigned mainly to ν(C4a=N5) which is coupled 
to C10a=N1. This band downshifts significantly as the resonance structure shifts to the 
quinoid form: to 1567, 1564 and 1555 cm-1 for the 8-CH3S, 8-CH3NH and 8-O- substitution, 
respectively 49, 50. In addition, the band arising from the N10-C10a/C5a-C6 stretching mode 
downshifts from 1359 to 1337 cm-1 upon 8-O- substitution 49. We therefore suggest that the 
presence of the cysteine in the vicinity of FMN in LOV2 shifts the resonance structure of 
FMN towards the quinoid form. The shifts in LOV2 domain are significantly smaller than 
those in the model compounds, which is likely due to the fact that the thiol is not covalently 
connected to the FMN moiety with a correspondingly smaller FMN-sulphur atom orbital 
overlap.  
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Figure 5: Electronic delocalisation induced by an electon-donating group at C8 position (e.g. 8-CH3S, 8-
CH3NH and 8-O-), with X corresponding to CH3 in FMN. This scheme represents the quinoid resonance 
structure equilibrium of oxidized FMN. In AsLOV2, the thiol group of the conserved cysteine (Cys-S-H), 
characterised by a high pKa (> 10), shifts the equilibrium toward the quinoid form of oxidised FMN. 
Sulfur atom pi orbitals are in white drops and the likely interaction area with FMN is in grey, circled by a 
dashed line.  
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The cysteine S-H group is not hydrogen bonded: implications for its conformation. 
Figure 6 shows the light-minus-dark FTIR spectrum of AsLOV2 in the S-H stretch region 
around 2570 cm-1 at room temperature. The S-H stretching band of AsLOV2 at RT is 
centered at a frequency of about 2569 cm-1, similar to that of phy3LOV2 and appears more 
symmetrical as compared to phy3LOV2. The S-H band of AsLOV2 is satisfactorily fitted 
using a single Lorentzian centered at 2568.6 cm-1. An S-H stretch at this frequency 
corresponds to an S-H conformer free of H-bonding. This assignment is consistent with X-ray 
crystallography, FTIR and NMR on AsLOV2 and several other LOV domains 28, 30, 32, 51, 52, 53 
27, which showed a heterogeneous population of cysteine with a major conformer, from 70 to 
90 %, which is not H-bonded. The recent high resolution crystal structure of AsLOV2 32 
major cysteine conformer (90%), which is non H- bonded, is positioned above Ring II and has 
its sulfur atom centred on top of C9a=C5a. The sulphur atom of the major dark conformer is 
at 3.54 Å of C5a, i.e., closer to Ring I than Ring II. Sulfur orbitals of such conformers likely 
interact mainly with Ring I orbitals. The less occupied (10%) dark conformer was located 
more closely to N5 (3.59 Å) and C4a (3.73 Å). In LOV domains, multiple local structures of 
FMN and cysteine exist that thermally interconvert by protein fluctuations at ambient 
temperature 53. Considering the single-exponential decay of fluorescence for the different 
LOV domains 21, 23, 33, 54, the cysteine interconversion must be relatively fast as compared to 
the singlet excited state lifetime of a few nanoseconds. Indeed, the molecular dynamics (MD) 
simulations have indicated that such interconversions occur on the picosecond timescale 53. In 
phy3LOV2, four likely cysteine conformers are predicted by MD simulations at room 
temperature. Most of the cysteine conformers have the sulfur/thiol group above ring I and 
some were hydrogen-bonded to neighbouring groups. Our observation of quinoid resonance 
structure stabilization by the conserved cysteine in a way similar to that caused by an electron 
donating group subsituted at the C(8) position, suggests that the main cysteine conformers in 
AsLOV2 have their thiol in the vicinity of the C(8) FMN position. Considering the MD 
simulations of Sato et al., the non H-bonded conformers of AsLOV2 might correspond to 
conformer C in ref. 49, which has its thiol group close to the C(7)-C(8) moiety of ring I and is 
free of H-bonding. As compared to the main conformer in the X-ray structure, this conformer 
exhibited a rotation of its C(β).  
 
C(2)=O H-bond strengthening in LOV2 as a consequence of FMN quinoid form induction.  
With FLN and RR, we have determined the effect of the presence of the conserved cysteine 
on those intramolecular vibrations of FMN that are sufficiently Franck-Condon coupled or 
Raman active for detection. However, the important functional carbonyl groups of FMN, 
C(2)=O and C(4)=O, give little intensity with these methods (see Table 1 in appendix and 
Figure S3 in supporting information). Therefore, we used differential FTIR spectroscopy to 
characterize and compare the C(2)=O and C(4)=O frequency of the AsLOV2-wt and C450A 
mutant. To this end, we generated the FMN neutral semiquinone radical FMNH° in the 
C450A mutant and in the wild type AsLOV2 domains. It is well established that FMNH° 
forms at high efficiency under illumination in the C450A mutant 41. 
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Figure 6: Light-minus-dark FTIR spectrum of wild type AsLOV2 (circles) recorded in the SH stretch 
region of the conserved cysteine at room temperature. The solid line denotes a fit with a single Lorentzian 
centred at 2568.6 cm-1. 
 
Wild type LOV2 does not spontaneously accumulate FMNH° under illumination; instead, 
adduct formation proceeds. However, we found that by incubating highly concentrated wild 
type LOV2 with 5 mM imidazole as an exogenous electron/proton donor, FMNH° is readily 
formed under blue-light illumination. Most likely, the FMNH° radical is generated by 
electron/proton transfer from imidazole to excited-state FMN, in competition with adduct 
formation to the cysteine (Alexandre et al., manuscript in preparation). Note that at moderate 
to low protein concentrations (<100 μM), no radicals are formed under these conditions 42. 
Figure 7 shows the light-minus-dark FTIR spectra (FMN semiquinone radical minus FMN 
oxidised) of wild type AsLOV2 in presence of 5 mM imidazole (blue line) and of the C450A 
mutant (red line). Interestingly, the sizable Amide I changes that were observed upon adduct 
formation in wild type LOV2 and attributed to significant sheet, helix and turns movement 40 
are absent in these spectra, which indicates that the formation of FMNH° induces negligible 
protein structural changes in both domains. Thus, the C=O region between 1670 and 1750 cm-
1 is dominated by FMN C(2)=O and C(4)=O vibrational modes, reported in Table1 (in 
appendix). In wild type AsLOV2, three bands are identified at 1712, 1693.5 and 1678.5 cm-1. 
In previous work, the 1678.5 cm-1 was assigned to C(2)=O, whereas the 1712 cm-1 band was 
assigned to C(4)=O 40, 43, 55. As will be discussed in a forthcoming paper, we have assigned 
the 1693.5 band to C(4)=O as well (Alexandre et al., manuscript in preparation). In AsLOV2, 
only the C(2)=O frequency is clearly downshifted in the wild type as compared to the C450A 
mutant (1678.5 cm-1 vs. 1680 cm-1). This observation implies a specific effect from an 
electronic interaction on the C(2)=O frequency rather than a global displacement of the FMN 
induced by the mutation. Indeed if the mutation would have changed the position of the FMN 
within its binding pocket both C(4)=O and C(2)=O frequencies should be shifted. 
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Figure 7: FMNH°-sq (semiquinone radical) minus oxidised FMN FTIR spectra of wild type AsLOV2 
(black line) and AsLOV2-C450A (grey line). In wild type AsLOV2, the spectra were recorded in the 
presence of 5 mM imidazole and under illumination with 470 nm.  
 
Then, the specific shift of the C(2)=O frequency suggests that in wild type AsLOV2, the 
presence of the sulphur of the reactive cysteine strengthens the C(2)=O H-bond by decreasing 
the amount of negative charge on the dimethyl benzene moiety and increasing the amount of 
negative charge on the C(2)=O oxygen. The consequent increased H-bonding acceptor 
character of the C(2)=O group strengthens H-bonding to N482 which results in a lowering of 
its stretching frequency. Thus, the shift of the C(2)=O is consistent with the identification of 
the quinoid vibrational signature of AsLOV2 wt from the FLN and RR spectra. The flavin 
quinoid character can be favored by different factors, such as a covalent electron donating 
group at the C8 position as in model systems and/or hydrogen bonding at the C(2)=O group 
as in oxidase flavoproteins. Recently, it has been shown with a roseoflavin model system 56 
that these two effects are related, as strengthening the electron donation at the C8 position 
strengthens the hydrogen bonding of the C(2)=O-N(3)-H-C(4)=O system, an effect likely 
dominated by the increased H-bond acceptor strength of the C(2)=O position.  
 
Effect of the cysteine-FMN interaction on the pKa of the cysteine thiol. 
Here, we report that the presence of the reactive cysteine in the vicinity of FMN very likely 
displaces the resonance equilibrium of oxidised FMN in LOV2 domains towards the quinoid 
resonance structure. The quinoid character implies a small electron donating contribution of 
the neighbouring cysteine sulphur atom to the isoalloxazine orbitals. This could explain the 
increased pKa of the thiol group of the cysteine from 8.3-8.8 in aqueous solution to more than 
10 in the AsLOV2 and phy3LOV2 domains 40, 42, 57. From recent X-ray 32 and NMR results 
for AsLOV2 combined with our FTIR data, showing that the cysteine is essentially (at least 
90%) non H-bonded, we can exclude a H-bond effect on the pKa of the thiol group. It is 
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likely that the pKa change of the thiol group is due to its electronic interaction with FMN. 
This suggests that the sulphur of the cysteine is more electropositive than in water, as it 
behaves as a remote electron donating group, favouring the quinoid character of FMN. Such 
an electron-depletion of the sulphur is typical for the C8-mercapto-substittuted riboflavins and 
quinoid forms in general (Figure 5).  
 
FMN Quinoid character and enhanced ISC to the triplet state.  
In the LOV2 domain, the ISC rate of the FMN singlet excited state is enhanced by a factor of 
more than 2 as compared to FMN in solution, improving the physiologically relevant FMN 
triplet yield. It was proposed previously that the enhancement arises from the presence of the 
nearby heavy sulfur atom of the conserved cysteine 21, 23. By comparing the the FLN spectra 
of wild type and mutant LOV2 with vibrational spectra of C8-substituted flavin model 
systems 47-50, we propose that in LOV2 domains, the conserved cysteine exhibits an electron 
donating effect to FMN which takes place in a non-covalent manner. Considering the X-ray 
structure and MD simulations 32, 53, this interaction very likely takes place near Ring I at a 
distance of about 4 Å from N(5). The non-covalent electronic interaction may induce a 
resonance shift toward the quinoid form of the FMN ground electronic state, the reactive site 
may correspond to the C(8) region of the benzenoid moiety of FMN, which gets depleted in 
electron density in favour of the C(2)=O. In this way, the conjugated π-electron system of the 
isoalloxazine ring becomes mixed with the sulfur orbitals and as a consequence, the ISC rate 
of singlet-excited state FMN is enhanced through the heavy atom effect. Thus, enhancement 
of ISC results from an electron-donating effect of the thiol group of the cysteine to FMN 
which manifests itself through the quinoid (ICT) character of the ground electronic state of 
FMN.  
Again, it is interesting to compare the results for LOV2 with those obtained on model 
systems. The C(8) methyl group of flavins has an unexpectedly high reactivity 58. Such 
intrinsic high reactivity has been used to characterise modified flavin derivatives containing 
different sulphur functions at the C(8) position and their fluorescence yield. Interestingly, 
when the C(8) position function is S-, the derivative has a strong ICT/quinoid character and 
no detectable fluorescence. When the function is Rx-S (Rx group has a small influence on the 
fluorescence yield, it is methyl, phenyl, ethanoic or propanoic acid) the ICT character is less 
strong and accompanied by a fluorescence yield of about 1 to 5 % as compared to riboflavin. 
When the electron donating effect of the sulphur is moderated by two covalently bound 
electronegative oxygens in a function like Rx-SO2, the fluorescence quantum yield is between 
45 to 70% the one of riboflavin 58. Such results suggest that the extent of electron donation at 
C(8) position and subsequent extent of ICT character of the FMN has a direct influence on its 
fluorescence quantum yield and consequently on its singlet excited state lifetime. Very likely, 
enhanced ISC through interaction with the sulfur leads to the fluorescence quenching, as is 
the case in LOV2. In the light of these latter results, our report of a FMN quinoid signature 
induced by the presence of the cysteine sulphur in the LOV2 domain seems consistent with its 
shortening of the singlet excited state lifetime by a factor of 2-3 as compared to free FMN or 
cysteine-less mutants 21, 23, 33, 54. It is interesting to note that the quinoid resonance form 
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corresponds to an electronic density displacement along the C8-C2 axis which is nearly 
parallel to the absorption and emission transition dipoles of flavins. Mixing of HOMO of the 
sulphur with the LUMO of FMN could explain the observed fluorescence quenching. 
The (heavy) sulfur atom has also been proposed to be involved in the enhancement of back-
ISC, in the context of a radical pair recombination in which adduct formation can only take 
place once the FMNH° is in the singlet state 41. We thus propose that the alteration of the 
electronic structure of FMN in LOV2 towards the quinoid form is likely involved in both 
enhancements, i.e. ISC and back-ISC to optimise adduct formation in the LOV2 domain of 
phototropins. Sulfur induced enhancement of FMN triplet protonation may also be likely to 
occur in the context of a base abstraction and nucleophilic attack mechanism 20, 21, 28, 30. 
 
 
CONCLUSIONS 
 
Here, we report that application of the FLN technique to highly fluorescent flavin-binding 
LOV domain photoreceptors provides highly accurate vibrational spectra of the flavin 
chromophore with exceedingly short collection times and low laser powers. The application 
of RR spectroscopy to the same photoreceptors gives essentially identical information, but 
requires high laser powers and long collection times while resulting in a lower sensitivity and 
precision and a significantly lower signal to noise ratio. Typically, RR is a very powerful 
technique for non-fluorescent photoreceptors that undergo rapid isomerisation reactions such 
as rhodopsin and PYP. We conclude that FLN is the method of choice for obtaining 
vibrational information on highly fluorescent flavin-containing photoreceptors. The quality of 
the FLN spectra allows the identification of the structural nature and extent of the weak 
electronic interaction between the FMN and the thiol group of the conserved cysteine in 
LOV2 domain held responsible for a heavy atom effect. Among the very diverse fine-tuned 
regulatory mechanism of flavoproteins to deal with the highly reactive versatility of the 
flavin, LOV2 domains involve mainly modulation of resonance hybridization which modifies 
its photo-chemistry and ultimately 'tunes' it toward its biological function.  
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Table 1: Vibrational assignment of the FLN and RR bands of AsLOV2 wt, mutant and phy3LOV2. 
FTIR negative bands (Figure 6 and 7) are labelled with $. Labeled with * ref FTIR (52) Iwata et al. 2006. 
Labeled with ** ref FTIR (41) Sato et al. 2003. Band intensity ( ), b:big; m:medium; s:small; sh:shoulder. 
AsLOV2 wt and mutant significant band-shifts are underlined. 
FLN vibronic bands  R R bands 
Vibrational assignment AsLOV2-C450A mutant 
AsLOV2 
WT 
phy3LOV2 
WT AsLOV2 WT 
v(CN3C)/ v(N5a-C6) 617 617(b) 617 617(s) 
v(CC6C)/ v(CC7C) Ring I  650 648(ms) 647 655(s) 
v(C4=O)/ v(C2=O) Ring III 679 678(s) 681 679(s) 
ν(C7-C8)/ν(CC6C), Ring I def 723 720(s) 720 720 
ν(C7-C8)/ν(CC6C), Ring I def 742 743(s) 742 743(sm) 
ν(C4=O)/ν(C7-Me) 786 786(s) 786 786(s) 
Ring I def nd  816(s/sh) 817  
ν(C9-C9a)/ ν(CN5C) 834 833(ms) 833 833(s) 
ν(C9,6-H)/ν(N3-C2)/ ν(N1-C2) 1071 1071(s) 1072 1071(s) 
ν(C6-H)/(C7-Me)/ν(C2-N3) 1143 1141(s) 1141 1138(s) 
ν(C4a-C10a)/ ν(C4a-C4) Ring I,II 1165 1163(ms) 1162 1163(s) 
ν(C4a-C10a)/ ν(C4a-C4) Ring I,II 1182 1181(ms) 1181 1180(s) 
δ(C8-Me)/ν(C6-C7)/ν(N3-C4) 1223 1226(b) 1226 1226(ms) 
ν(N3-C2)/ν(N3-C4) Ring III 1255 1252(b) 1252 1252(ms) 
ν(C4a-C4 ,10a)/ ν(C4-N3) Ring II 1276 1275(m) 1274 1276(s) 
δ(N5-C5a) /(C8-C9)  Sh  1302(s) 
ν(N10-C10a)/ν(C5a-C9a, 6) RingII 1358 1356(b) 1356 1355(m) 
ν(N3-C2)/ ν(N1-C2), Ring III 1404 1406(b) 1407 1406(m) 
δ (C7-Me)/ ν(C8/6-C9/7) Ring 
I,II 1448/1427 1450/1430 1450/1430(br)  1452-1435(s) 
δ (C7-C8)/ ν(C7/8-Me) Ring I 1467 1465 (s)  1466 1468(sm) 
ν (C10a=N1), (N10-C9a)/(N5-C4a) 1497 1496(s) 1497 1502(m) 
  Quinoid signature   
ν(C10a=N1)     RingIII, II 1551 1550(m) 1551 1549(m) 
ν(C4a=N5)      RingII, III 1584.5 1582(b) 1583 1582(b) 
ν(C8=C9,9a)    RingI 1629 1632(b) 1632 1632(b) 
ν(C2=O) nd/1680$ nd/1678.5$ nd/1677* nd 
     
ν(C4=O)1 1695(sh)/1694$ 1695(sh)/1694$ nd 1694(sh) 
ν(C4=O)2 1706(s)/1712$ 1706/1712$  nd/1710* 1712(s) 
ν(S-H)  2568.5$ 2568**  
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Figure S1: RR data smoothed of AsLOV2wt (black line) and AsLOV2-C450A (grey line) showing the 
same difference as in FLN spectra with however a lower sensitivity. 
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Figure S2: same as Figure S1 with raw un-smoothed data points showing the low signal to noise ratio of 
AsLOV2-C450A RR spectrum (top). This latter is more fluorescent (unquenched) than AsLOV2wt 
(bottom) which increases the background during RR collection. 
Chapter 5 
 
 119
 
REFERENCES 
1. P. Hamm, M. Zurek, T. Röschinger, H. Patselt, D. Oesterhelt and W. Zinth, Chemical 
Physics Letters, 1996, 263, 613-621. 
2. J. Herbst, K. Heyne and R. Diller, Science, 2002, 297, 822-825. 
3. G. G. Kochendoerfer and R. A. Mathies, Israel Journal of Chemistry, 1995, 35, 211-
226. 
4. K. J. Hellingwerf, J. Hendriks and T. Gensch, Journal of Physical Chemistry A, 2003, 
107, 1082-1094. 
5. D. S. Larsen, M. Vengris, I. H. M. van stokkum, M. van der Horst, R. Cordfunke, K. 
J. Hellingwerf and R. van Grondelle, Chemical Physics Letters, 2003, 369, 563-569. 
6. D. S. Larsen, M. Vengris, I. H. M. van Stokkum, M. A. van der Horst, F. L. de Weerd, 
K. J. Hellingwerf and R. van Grondelle, Biophysical Journal, 2004, 86, 2538-2550. 
7. D. S. Larsen, M. Vengris, I. H. M. van Stokkum, M. A. van der Horst, F. L. de Weerd, 
K. J. Hellingwerf and R. van Grondelle, Biophysical Journal, 2004, 87, 1858-1872. 
8. S. Anderson, V. Dragnea, S. Masuda, J. Ybe, K. Moffat and C. Bauer, Biochemistry, 
2005, 44, 7998-8005. 
9. H. Yuan, S. Anderson, S. Masuda, V. Dragnea, K. Moffat and C. Bauer, Biochemistry, 
2006, 45, 12687-12694. 
10. M. Gauden, I. H. van Stokkum, J. M. Key, D. Luhrs, R. van Grondelle, P. Hegemann 
and J. T. Kennis, Proc Natl Acad Sci U S A, 2006, 103, 10895-10900. 
11. P. Zirak, A. Penzkofer, C. Lehmpfuhl, T. Mathes and P. Hegemann, J Photochem 
Photobiol B, 2007, 86, 22-34. 
12. V. Dragnea, M. Waegele, S. Balascuta, C. Bauer and B. Dragnea, Biochemistry, 2005, 
44, 15978-15985. 
13. M. Gauden, J. S. Grinstead, W. Laan, I. H. M. van Stokkum, K. C. Toh, M. Avila-
Perez, R. Boelens, R. Kaptein, R. van Grondelle, K. J. Hellingwerf and J. T. M. 
Kennis, Biochemistry, 2007, in press. 
14. A. Zeugner, M. Byrdin, J. P. Bouly, N. Bakrim, B. Giovani, K. Brettel and M. Ahmad, 
J. Biol. Chem., 2005, 280, 19437-19440. 
15. V. Massey, Biochem Soc Trans, 2000, 28, 283-296. 
16. R. Miura, Chem Rec, 2001, 1, 183-194. 
17. W. R. Briggs, J Biomed Sci, 2007, 14, 499-504. 
18. J. M. Christie, P. Reymond, G. K. Powell, P. Bernasconi, A. A. Raibekas, E. Liscum 
and W. R. Briggs, Science, 1998, 282, 1698-1701. 
19. J. M. Christie and W. R. Briggs, in Handbook of Photosensory Receptors, eds. W. R. 
Briggs and J. L. Spudich, Wiley-VCH Verlag GmbH & Co., Weinheim, Editon edn., 
2005, pp. 277-304. 
20. T. E. Swartz, S. B. Corchnoy, J. M. Christie, J. W. Lewis, I. Szundi, W. R. Briggs and 
R. A. Bogomolni, Journal of Biological Chemistry, 2001, 276, 36493-36500. 
21. J. T. M. Kennis, S. Crosson, M. Gauden, I. H. M. van Stokkum, K. Moffat and R. van 
Grondelle, Biochemistry, 2003, 42, 3385-3392. 
22. T. Kottke, J. Heberle, D. Hehn, B. Dick and P. Hegemann, Biophysical Journal, 2003, 
84, 1192-1201. 
23. W. Holzer, A. Penzkofer, M. Fuhrmann and P. Hegemann, Photochemistry and 
Photobiology, 2002, 75, 479-487. 
24. A. Losi, E. Polverini, B. Quest and W. Gartner, Biophysical Journal, 2002, 82, 2627-
2634. 
Ground-state electronic structure of FMN in AsLOV2 probed by FLN spectroscopy 
 
 120 
25. A. Losi, T. Kottke and P. Hegemann, Biophysical Journal, 2004, 86, 1051-1060. 
26. M. Salomon, J. M. Christie, E. Knieb, U. Lempert and W. R. Briggs, Biochemistry, 
2000, 39, 9401-9410. 
27. M. Salomon, W. Eisenreich, H. Durr, E. Schleicher, E. Knieb, V. Massey, W. 
Rudiger, F. Muller, A. Bacher and G. Richter, Proceedings of the National Academy 
of Sciences of the United States of America, 2001, 98, 12357-12361. 
28. S. Crosson and K. Moffat, Proceedings of the National Academy of Sciences of the 
United States of America, 2001, 98, 2995-3000. 
29. S. Crosson and K. Moffat, Plant Cell, 2002, 14, 1067-1075. 
30. R. Fedorov, I. Schlichting, E. Hartmann, T. Domratcheva, M. Fuhrmann and P. 
Hegemann, Biophysical Journal, 2003, 84, 2474-2482. 
31. T. E. Swartz, P. J. Wenzel, S. B. Corchnoy, W. R. Briggs and R. A. Bogomolni, 
Biochemistry, 2002, 41, 7183-7189. 
32. A. S. Halavaty and K. Moffat, Biochemistry, 2007, 46, 14001-14009. 
33. T. A. Schuttrigkeit, C. K. Kompa, M. Salomon, W. Rudiger and M. E. Michel-
Beyerle, Chemical Physics, 2003, 294, 501-508. 
34. M. Kasahara, T. E. Swartz, M. A. Olney, A. Onodera, N. Mochizuki, H. Fukuzawa, E. 
Asamizu, S. Tabata, H. Kanegae, M. Takano, J. M. Christie, A. Nagatani and W. R. 
Briggs, Plant Physiology, 2002, 129, 762-773. 
35. R. I. Personov, Spectrochimica Acta Part B-Atomic Spectroscopy, 1983, 38, 1533-
1544. 
36. P. J. Angiolillo, J. S. Leigh and J. M. Vanderkooi, Photochemistry and Photobiology, 
1982, 36, 133-137. 
37. T. Friedrich, S. Geibel, R. Kalmbach, I. Chizhov, K. Ataka, J. Heberle, M. Engelhard 
and E. Bamberg, Journal of Molecular Biology, 2002, 321, 821-838. 
38. S. M. Harper, J. M. Christie and K. H. Gardner, Biochemistry, 2004, 43, 16184-16192. 
39. S. M. Harper, L. C. Neil and K. H. Gardner, Science, 2003, 301, 1541-1544. 
40. T. Iwata, D. Nozaki, S. Tokutomi, T. Kagawa, M. Wada and H. Kandori, 
Biochemistry, 2003, 42, 8183-8191. 
41. C. W. M. Kay, E. Schleicher, A. Kuppig, H. Hofner, W. Rudiger, M. Schleicher, M. 
Fischer, A. Bacher, S. Weber and G. Richter, Journal of Biological Chemistry, 2003, 
278, 10973-10982. 
42. M. T. Alexandre, J. C. Arents, R. van Grondelle, K. J. Hellingwerf and J. T. Kennis, 
Biochemistry, 2007, 46, 3129-3137. 
43. K. Ataka, P. Hegemann and J. Heberle, Biophysical Journal, 2003, 84, 466-474. 
44. T. Iwata, D. Nozaki, S. Tokutomi and H. Kandori, Biochemistry, 2005, 44, 7427-7434. 
45. W. D. Bowman and T. G. Spiro, Biochemistry, 1981, 20, 3313-3318. 
46. M. Abe, Kyogoku, Y., Spectrochimica Acta Part a-Molecular and Biomolecular 
Spectroscopy, 1987, 43, 1027-1037. 
47. Y. Nishina, T. Kitagawa, K. Shiga, K. Horiike, Y. Matsumura, H. Watari and T. 
Yamano, Journal of Biochemistry, 1978, 84, 925-932. 
48. Y. Nishina, K. Shiga, K. Horiike, H. Tojo, S. Kasai, K. Yanase, K. Matsui, H. Watari 
and T. Yamano, J Biochem (Tokyo), 1980, 88, 403-409. 
49. P. K. Dutta, R. Spencer, C. Walsh and T. G. Spiro, Biochim Biophys Acta, 1980, 623, 
77-83. 
50. L. M. Schopfer and M. D. Morris, Biochemistry, 1980, 19, 4932-4935. 
51. A. Moglich and K. Moffat, J Mol Biol, 2007, 373, 112-126. 
52. T. Bednarz, A. Losi, W. Gartner, P. Hegemann and J. Heberle, Photochemical & 
Photobiological Sciences, 2004, 3, 575-579. 
Chapter 5 
 
 121
53. Y. Sato, M. Nabeno, T. Iwata, S. Tokutomi, M. Sakurai and H. Kandori, Biochemistry, 
2007, 46, 10258-10265. 
54. M. Gauden, S. Crosson, I. H. M. van Stokkum, R. van Grondelle, K. Moffat and J. T. 
M. Kennis, Femtosecond Laser Applications in Biology (ed. S. Avrillier, J.M. Tualle) 
Proceedings of SPIE, SPIE Bellingham, WA, 2004, 5463, 97-104. 
55. T. Iwata, D. Nozaki, Y. Sato, K. Sato, Y. Nishina, K. Shiga, S. Tokutomi and H. 
Kandori, Biochemistry, 2006, 45, 15384-15391. 
56. G. Cooke, Y.-M. Legrandab and V. M. Rotellob, Chem.Commun, 2004, 1088–1089. 
57. S. B. Corchnoy, T. E. Swartz, J. W. Lewis, I. Szundi, W. R. Briggs and R. A. 
Bogomolni, Journal of Biological Chemistry, 2003, 278, 724-731. 
58. E. G. Moore, S. Ghisla and V. Massey, J Biol Chem, 1979, 254, 8173-8178. 
 
  122 
 
  
Primary reactions of the LOV2 domain of 
phototropin studied with ultrafast mid-
infrared spectroscopy. 
 
Maxime T.A Alexandre, Cosimo Bonetti, Luuk J.G.W. van Wilderen, Rienk 
van Grondelle, Marie Louise Groot, Klaas J. Hellingwerf and John T. M. 
Kennis.  
 
Based on the article accepted for publication in Biophysical Journal. 
 
Abbreviations: LOV, Light Oxygen and Voltage domains; phot, phototropin; AsLOV2, Avena 
sativa phototropin 1 LOV2; FMN, flavin mononucleotide; FMNH•, FMN neutral semiquinone 
radicals; ISC, intersystem crossing; EADS, evolution associated difference spectrum; FLN, 
fluorescence line narrowing; RBTA, riboflavin tetraacetate; RBTA●─, RBTA anion radical; 
RBTAH●, RBTA neutral semiquinone radical; LowT, low temperature. 
 
 
Phototropin, a conserved photoreceptor kinase that regulates several 
photomorphogenic responses in plants, is sensitive to blue light through a pair 
of N-terminal LOV domains, LOV1 and LOV2 that each non-covalently bind a 
molecule of flavin mononucleotide (FMN). These LOV domains undergo a 
photocycle involving light-driven covalent adduct formation between a 
conserved cysteine residue and the C(4a) atom of FMN. This cysteinyl-flavin 
adduct species constitutes the signaling state, which promotes C-terminal 
kinase activation and downstream signal transduction. The primary reactions of 
the LOV2 domain of Avena sativa phototropin 1 (AsLOV2) have been studied 
with ultrafast mid-infrared spectroscopy. In AsLOV2, the singlet excited state 
decays into the triplet state with a lifetime of 1.5 ns and a yield of ≈50%. In the 
excited state, the C=O and C=N double bonds of the isoalloxazine moiety 
acquire a single bond character as revealed by a downshift of their respective 
stretch modes of ≈50 cm-1. The singlet and triplet excited states are 
characterized by absorption bands at 1657, 1495-1415, 1375 cm-1 and 1657, 
1491-1438, 1390 cm-1 assigned principally to C=O, C=N and C-N stretch 
modes. The infrared signature of the triplet state in AsLOV2 domain is 
consistent with a bi-radical with unpaired electron density concentrated on N1 
and N5; N5 is more basic than N1 and remains un-protonated in the 
nanosecond timescale. The increased basicity of N5 likely contributes 
significantly to adduct formation by increasing its affinity for the cysteine thiol 
proton. Ultrafast mid-infrared and differential FTIR spectroscopy in the 
carbonyl region in both H20 and D20 reveal that in the dark state a singly and 
doubly hydrogen-bonded C(4)=O co-exist with stretch frequencies at 1714 and 
1694 cm-1, respectively.  
 
6 
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INTRODUCTION 
 
Phototropins (phot) are major blue light receptors for phototropism, light-directed chloroplast 
movement, light-induced stomatal opening, rapid inhibition of growth and gametogenesis that 
are sensitive to blue light through a pair of Light Oxygen and Voltage (LOV) domains, LOV1 
and LOV2 (1). LOV2 constitutes the main blue light input sensor of phototropins whereas 
LOV1 is hypothesized to have a regulatory role (2). Avena sativa phototropin (phot) 1 LOV2 
(AsLOV2) consists of approximately 100 amino acids and noncovalently binds flavin 
mononucleotide (FMN). The LOV2 domain undergoes a photocycle involving light-driven 
covalent adduct formation between a conserved cysteine residue and the C(4a) atom of FMN 
(3-5). Formation of a covalent bond to FMN bond triggers protein conformational changes on 
the surface of the PAS core disrupting its interaction with a C-terminal amphiphilic helix, 
called Jα, packed against its central β-sheet (6). Unfolding of the Jα helix is the critical event 
which regulates C-terminal kinase activity of phototropin (7) and downstream signal 
transduction.  
The early steps of the LOV photocycle upon photon absorption involve intersystem crossing 
(ISC) of the FMN singlet excited state to the FMN triplet state formation through on the 
nanosecond timescale (8, 9), after which covalent adduct formation proceeds without apparent 
intermediate on the microsecond timescale (10, 11). In contrast to the consensus that appears 
to exist on the (spectroscopically distinguishable) intermediates in the LOV photocycle, the 
mechanism by which covalent adduct formation occurs in the LOV domains is a matter of 
considerable debate. Broadly speaking, two reaction mechanisms for covalent adduct 
formation have been put forward: (1) an ionic mechanism and (2) a radical-pair mechanism. 
According to the ionic model, which is schematically depicted in Figure 1 (upper panel), the 
sharply increased basicity of N5 in the FMN triplet state triggers its protonation. The proton 
would either be donated by the conserved cysteine itself (8, 12, 13) or by another nearby 
group (10, 14) (the former is shown in the Figure 1). This event would change the double-
bond of N5=C(4a) to a single bond, leaving a very reactive carbo-cation at the C(4a) position. 
This site has a sp3 hybridization, which would decrease the distance to the cysteine, which 
could be important in the progress of the reaction. Subsequently, a nucleophilic attack by the 
cysteine thiolate on the C(4a) carbo-cation would occur, leading to formation of the covalent 
FMN-C4a-thiol adduct. These events may occur sequentially (8) or in a concerted fashion 
(12, 13). In any of these cases, the sharp increase in the pKa of N5 upon triplet formation is 
the switch that drives the photoreaction by proton abstraction of a nearby donor. In support of 
this mechanism, ultrafast UV-visible experiments have indicated a partial protonation of the 
FMN triplet state in LOV2 on the nanosecond timescale (8).   
Alternatively, a radical-pair mechanism for covalent adduct formation was put forward, 
depicted in Fig. 1 (lower panel) (15, 16). Upon promotion of the FMN chromophore to the 
triplet state, a hydrogen would be transferred from the conserved cysteine to the N5 of the 
flavin, resulting in a FMNH• - H2C-S• radical pair. In the neutral flavin semiquinone radical, 
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the unpaired electron density resides at the C(4a) atom. Such a radical pair would be formed 
in a triplet configuration, however, the close proximity of the (heavy-atom) sulfur radical to 
the isoalloxazine ring causes a strong spin-orbit coupling, inducing a rapid triplet-singlet 
interconversion.  
 
 
Figure 1: Proposed reaction mechanisms for light-driven covalent flavin-C(4a)-cysteinyl adduct 
formation in LOV domains; (upper) the ionic mechanism; (lower) the radical-pair mechanism. 
 
Once the radical pair obtains an appreciable singlet character, radical-pair recombination 
between the H2C-S• and unpaired electron at C(4a) may take place to result in the FMN-C4a-
thiol adduct. In the context of the proposed mechanism, the trigger for adduct formation could 
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either be an electron transfer from the cysteine to the flavin, followed by proton transfer, or a 
concerted mechanism whereby a net hydrogen transfer from the thiol to the flavin takes place 
(15-18). Ab initio quantum chemical calculations have favored the radical-pair over the ionic 
mechanism, through hydrogen abstraction rather than electron transfer (19-22).  
Time-resolved infrared spectroscopy is a powerful tool to assess the molecular nature of 
transient intermediates in photoactive biomolecules (23, 24). Here, we describe the results of 
an ultrafast blue pump, mid-infrared probe spectroscopic study on the LOV2 domain of 
Avena sativa phototropin 1 to characterize the initial physical/chemical changes of the 
chromophore and its protein environment on the femto to nanosecond timescale. Using global 
analysis we obtained two EADS and their associated lifetimes assigned to the FMN singlet 
and triplet state in AsLOV2. This is the first report of FMN singlet excited state mid-infrared 
spectra (EADS1) in a broad spectral window (from 1750 till 1300 cm-1) which allow 
recording of the principal stretch modes of the isoalloxazine moiety upon excitation. The 
primary photoproduct of AsLOV2 corresponds to a FMN triplet state which rises with a 
lifetime of 1.5 ns due to the sulfur-induced enhanced ISC of the reactive cysteine in AsLOV2 
(8, 25). We report that the triplet state spectrum in AsLOV2 is very similar to the un-
protonated triplet states observed for a flavin model compound in aprotic solution by time-
resolved IR spectroscopy (26), and to the photoaccumulated FMN triplet state at low 
temperature in Adiantum LOV2 probed by FTIR (27). The implications for the reaction 
mechanism for covalent adduct formation are discussed. 
 
 
Materials and Methods 
 
LOV2 expression and purification.  
The LOV2 domain from Avena sativa (As, oat) phototropin 1 was expressed and purified as 
previously described (6). A. sativa phototropin 1 LOV2 was expressed from a construct 
spanning residues 404-560 (construct generously provided by L. Neil and K. Gardner of the 
University of Texas Southwestern Medical Center, Dallas, USA). The samples in H2O and 
D2O buffers (20 mM Tris/HCl pH/pD 8.0, 50 mM NaCl) were concentrated (Amicon YM10, 
Millipore) and placed between two 2 mm thick CaF2 plates separated by a 6 and 20 microns 
Teflon spacer, respectively. The samples had an absorbance of about 0.2 at 447 nm and 1.2 
and 0.8 at 1650 cm-1 for H2O and D2O samples. A more concentrated H2O sample with an 
absorbance of about 0.4 at 447 nm was prepared to better resolve the carbonyl region between 
1730 and 1670 cm-1. During the experiments, the sample cell was continuously translated 
with a Lissajous scanner, which ensured sample refreshment after each laser shot and a time 
interval of 1 minute between successive exposures to the laser beams. In H2O, the dark 
recovery rate amounts to (40 s)-1 and is slowed down about three times in D2O (28) to (120 s)-
1. We introduced 1 mM imidazole in the D2O samples in order to catalyse the dark recovery 
to a rate of about (12 s)-1 (25) which ensured that a major fraction of AsLOV2 has decayed 
between successive laser shots (1 minute).   
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Time-resolved mid-infrared spectroscopy. 
The experimental setup is a home-built spectrometer based on a 1 kHz amplified Ti:Sapphire 
laser system operating at 1 kHz (Spectra Physics Hurricane) that allows visible pump/mid 
infrared probe in a time window from 180 femtoseconds to 3 ns, as previously described (24, 
29). The blue excitation pulse was generated by means of a non-collinear optical parametric 
amplifier and centred around 475 nm, at an excitation energy of 500 nJ. The infrared probe 
had a spectral width of 200 cm-1, was spectrally dispersed after the sample and detected with a 
32-element array detector, leading to a spectral resolution of 6 cm-1. Vibrational spectra 
between 1720 and 1300 cm-1 were taken in intervals and simultaneously analyzed. Spectra 
were recorded at 74 time delay points between -15 ps and 3 ns. 
 
Global analysis.  
The time-resolved spectra were analyzed with a global analysis program (30) using a kinetic 
model consisting of sequentially interconverting species, i.e., 1 → 2 →   ...  in which the 
arrows indicate successive monoexponential decays of increasing time constants. Associated 
with each species are a lifetime and a difference spectrum, denoted the evolution-associated 
difference spectrum (EADS). 
 
Differential FTIR spectroscopy. 
Infrared difference spectra have been recorded using an FTIR spectrometer (IFS 66s Bruker) 
equipped with a nitrogen cooled photovoltaic MCT detector (20 MHz, KV 100, Kolmar 
Technologies). Background and sample interferogram are the average of 500 and 2000 
interferograms, recorded at 4 cm-1 resolution, respectively, and have been repeated 3 times. 
After Fourier transform the obtained absorption spectrum represents the light minus dark 
FTIR difference spectrum. A blue LED emitting at 470 nm (5 mWatts output power) was 
used for photo-conversion at saturating intensity.  
 
 
RESULTS AND DISCUSSION 
 
Time-resolved mid-infrared spectroscopy.  
Time-resolved mid-IR spectra of AsLOV2 in H2O were collected at frequencies between 
1730 and 1300 cm-1 and globally analyzed. Two components were required for an adequate 
description of the time resolved data, with a lifetime of 1.5 ns and a component that did not 
decay on the timescale of the experiment (3 ns). The resulting evolution-associated difference 
spectra (EADS) of AsLOV2 in H2O are shown in Fig. 2, with the 1.5 ns component 
represented by the black line and the nondecaying component by the grey line. Kinetic traces 
at representative vibrational frequencies are shown in Figure 3. The 1.5 ns time constant fairly 
agrees with that obtained before utilizing ultrafast visible spectroscopy (2.0 ns (8)).  
The EADS represent the mid-IR absorbance difference spectra of the molecular species in 
question with respect to that of the ground state, and show a bleaching of the FMN ground 
state bands (negative signals) and induced absorption bands of the groups of the isoalloxazine 
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ring of FMN and/or the protein that undergo photophysical/chemical transformation (positive 
signals). In this sense, the EADS can be interpreted in the same way as conventional 
differential FTIR spectra. The first EADS (Figure 2, black line) with a 1.5 ns lifetime is 
assigned to population of the lowest singlet excited state of LOV2-bound FMN. It features 
negative signals at 1714, 1694, 1678, 1637, 1592, 1582, 1550, 1395, 1348 and 1320 cm-1. 
Positive bands are found at 1657, 1570, 1415, and 1375 cm-1. Notably, around 1500 cm-1 a 
double band structure is observed, with a main peak at 1495 cm-1 and a pronounced shoulder 
at 1520 cm-1. The frequencies of the bleaching bands agree with those recorded with FTIR, 
Raman and fluorescence line narrowing (FLN) spectroscopy on AsLOV2 and several other 
LOV domains upon covalent adduct formation (5, 31-33). 
The second EADS (Figure 2, grey line) does not decay on the time scale of the experiment, 
has overall decreased amplitude and is formed in 1.5 ns from the FMN singlet excited state. 
In accordance with previous ultrafast UV-vis experiments, it is assigned to population of the 
the FMN triplet state. The 2nd EADS exhibits essentially the same ground state bleaching 
features as the first EADS, except at frequencies below 1425 cm-1 where the bleach pattern 
appears different. Relatively minor changes of the induced absorption bands occur, with the 
appearance of a shoulder at 1645 cm-1, an absorption near 1620 cm-1, a broadening and partial 
separation of the bands at 1491 and 1530 cm-1 and appearance of absorption at 1438 and 1390 
cm-1. Notably, the overall amplitude of the 2nd EADS has diminished with respect to the first 
EADS: the amplitude of the dominant 1678 and 1550 cm-1 bleach signals decrease by about 
50%. Although compensation effects of partly overlapping bleach and induced absorption 
bands render a quantitative estimate uncertain, this observation indicates that the triplet yield 
in LOV2 amounts to ~50% which reasonably agrees with previous estimate from ultrafast 
visible spectroscopy (~60% (8)).  
 
The infrared signature of the AsLOV2 FMN singlet excited state. 
The 1st EADS of Figure 2 shows a pattern of negative and positive absorption features that are 
characteristic of population of the FMN singlet excited state in LOV2. The 1714, 1694 and 
1678 cm-1 bleaches can be assigned to the C4=O and C2=O stretch frequencies of FMN in the 
ground state (5, 31-33). The occurrence of three rather than two C=O frequencies will be 
discussed below in a separate paragraph. Upon promotion of FMN to the singlet excited state, 
the FMN C=O frequencies downshift to result in a single resolved positive absorption at 1657 
cm-1. A small bleach signal near ~1635 cm-1 can be assigned to the Ring I vibration of the 
FMN (5, 31-33). It is associated with a weak positive absorption near 1625 cm-1, which 
indicates that the Ring I vibration downshifts in the FMN singlet excited state. The bleach 
bands at 1585 and 1550 cm-1 can be assigned to in- and out of phase C=N stretch modes of 
FMN, respectively (5, 31, 33, 34). These bands correlate with the large positive double bands 
feature at 1495 and 1520 cm-1. Thus, the C=N stretch frequencies of FMN downshift in the 
singlet excited state. Possibly, the small positive feature at 1565 cm-1 also follows from a 
downshifted C=N stretch frequency. The overall down-shifting of the C=O and C=N double 
bond stretch modes in the singlet excited state is consistent with an overall bond order 
decrease of the conjugated isoalloxazine system upon a π−π* transition. 
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Figure 2: Evolution-associated difference spectra (EADS) that follow from a global analysis of ultrafast 
infrared transient absorption experiments on the A. sativa phot1 LOV2 (AsLOV2) domain in H2O. The 
excitation wavelength was 475 nm. The first EADS (black) evolves in 1.5 ns to the second EADS (grey 
line), which does not decay on the time scale of the experiment. 
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Figure 3: Kinetic traces at indicated mid-IR vibrational frequencies recorded in the AsLOV2 domain 
(grey line). The excitation wavelength was 475 nm. The result of the global analysis is shown as a solid 
line. Note that the time axis is linear from -10 to 7 ps, and logarithmic thereafter.  
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The bleach bands at 1395, 1348 and 1320 cm-1 contain single bond characters of FMN, such 
as C(4)-N(3), C(4)-C(4a), C(4a)-C(10a), and C(10a)-N(10) stretches (32).  
The IR spectrum of the LOV2-bound FMN singlet excited state may be compared with those 
obtained on flavins in other systems. Meech and co-workers performed a femtosecond IR 
study on FAD in aqueous solution and bound to the AppA photoreceptor (35, 36). In the latter 
studies, the ground state FAD C=O bands in D2O solution occurred at approximately 1700 
and 1650 cm-1, significantly lower frequencies than observed here, which presumably resulted 
from extensive hydrogen bonding with the (deuterated) solvent water molecules. No positive 
absorption features of downshifted C=O frequencies were observed in the FAD singlet-
excited state. The pattern of downshifted C=N stretches of FAD in D2O was similar to that 
observed here. In FAD bound to the AppA photoreceptor, the FAD C=O bleach maxima were 
similar to those observed in this study. A positive absorption at 1666 cm-1 (which appeared 
within the instrument response) was assigned by the authors to an ultrafast keto-enol 
tautomerization of a glutamine side chain in close vicinity to FAD, resulting in a positive 
C=N absorption band. Strikingly, this band is very similar to that observed in this study for 
the LOV2 domain (1657 cm-1). In LOV2, a conserved glutamine side chain is located in close 
vicinity to FMN, hydrogen-bonded to its C4=O group (12, 37). However, we consider it 
unlikely that a keto-enol tautomerization of this glutamine occurs in LOV2 upon formation of 
the FMN singlet excited state. Rather, the induced absorption at 1657 cm-1 results from a 
downshift of the FMN C=O frequencies in the singlet excited state because (i) a downshift of 
C=O stretch frequencies is expected for a π−π* transition, (ii) the 1657 cm-1 band appears 
within the instrument response function of 200 fs and (iii) the conserved glutamine has no 
role in the LOV2 photochemistry (38). In our opinion, the 1666 cm-1 induced absorption 
observed in the AppA BLUF domain probably has the same origin. Accordingly, a similar 
band observed in the Synechocystis Slr1694 BLUF domain was interpreted as a downshifted 
C=O mode in the singlet excited state (39). 
 
The infrared signature of the FMN triplet state in AsLOV2.  
The non-decaying EADS of Figure 2 is assigned to population of the FMN triplet state in 
LOV2. The bleaches remain at the same frequencies as those of the singlet excited state, 
except at frequencies below 1425 cm-1 where the bleach pattern appears different. Strikingly, 
the induced absorption features of the C=O and C=N stretches are overall similar to the 
singlet excited state; the differences are relatively minor with the appearance of a shoulder at 
1645 cm-1, an absorption near 1620 cm-1, a broadening and partial separation of the bands at 
1491 and 1530 cm-1. Moreover, the pronounced absorption bands at 1415 and 1375 cm-1 in 
the singlet excited state disappear and are replaced by absorptions at 1438 and 1390 cm-1 with 
lower amplitude.  
The IR spectrum of the LOV2 FMN triplet state may be compared with the mid-IR triplet and 
radical spectra observed in a riboflavin tetraacetate (RBTA) model compound in organic 
solvent (26). The triplet state of RBTA exhibited major bleach signals at 1716, 1684, 1588, 
1548 and 1348 cm-1, and induced absorption maxima at 1652 cm-1 with a shoulder around 
1640 cm-1, 1484, 1436 and 1380 cm-1, and thus shows a large similarity with the LOV2 triplet 
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spectrum. On the other hand, the mid-IR spectra of the RBTA anion radical (RBTA●─) and 
the neutral semiquinone radical (RBTAH●) are incompatible with the LOV2 triplet spectrum, 
with C=N induced absorptions at 1524 and 1500 cm-1 (anion radical), and 1532 cm-1 (neutral 
semiquinone) (26). The LOV2 triplet spectrum is also very similar to the photoaccumulated 
FMN triplet spectrum of the Adiantum phys3 LOV2 domain observed with FTIR at low 
temperature (27). 
 
Figure 4: electronic structure of FMN triplet reproduced from Martin et al. (26) 
 
Utilizing density functional theory calculations, Martin et al. could reproduce the mid-IR 
triplet spectrum on the RBTA model compound with reasonable accuracy (26). According to 
these calculations, the C=N bond lengths on the isoalloxazine moiety changed significantly, 
as well as the atomic charges on the isoalloxazine nitrogens, with electron density migrating 
from N1 to N5, and an increased spin density on N1, N5 and C4a. These changes in the 
electronic and molecular structure lead to the downshift of the 1684 cm-1 C=O stretch 
frequency to 1653 cm-1, and of the 1588 and 1548 cm-1 C=N stretch frequencies to 1484 and 
1436 cm-1, respectively. Such downshifts indicate that in the triplet excited state, C=O and 
C=N bonds acquire a single bond character. This change goes along with a shortening of the 
C4a-C10a single bond (which therefore obtains a double bond character), which may be 
assigned to an upshift of the bands at 1348(-) to 1380(+) cm-1. It was concluded that the triplet 
excited state of flavin can be described as a biradical with unpaired electron density 
concentrated on N1 and N5, as illustrated in Figure 4 (reproduced from ref. (26)). It seems 
likely that the LOV2 FMN triplet state has a similar electronic structure given its matching 
infrared signature. The calculated result that N5 is more basic than N1 in the flavin triplet 
state (10, 12, 26, 40, 41) indicates that in LOV domains, the increased basicity of N5 likely 
constitutes a significant factor for the advancement of the adduct formation reaction. 
On the basis of the UV-visible signature of the FMN triplet in LOV2, it was previously 
proposed that protonation of the FMN triplet state would take place on a ns timescale. It was 
found that the triplet spectra of free FMN in solution were pH dependent; at neutral pH, the 
triplet spectrum of free FMN recorded after several nanoseconds exhibited two distinct 
absorption bands near 650 and 710 nm. At pH 2, only one band was observed at 660 nm, 
which had previously been assigned to protonation of the FMN triplet at the N5 site (42). The 
triplet spectra of LOV2-bound FMN of Adiantum phy3 and Avena phot1 could be well 
approximated by a superposition of these two species, which was interpreted as a partial 
protonation of the flavin triplet at N5, taking place on a nanosecond timescale. Proton transfer 
a 
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would occur from the conserved cysteine’s thiol to the FMN N5, triggered by the increased 
basicity in the triplet state of the latter (8). However, this scenario is not supported by the 
present results as the FMN triplet IR signature in LOV2 is essentially identical to that of the 
model compound RBTA (26). The latter was dissolved in aprotic solvent (deutero-
acetonitrile), implying that RBTA remained unprotonated. We note that a putative protonation 
event at N5 would immediately become apparent in the IR spectrum of the FMN triplet: The 
increased mass at the N5 site would lead to a further downshift of the C=N stretch (which has 
obtained a single bond character in the triplet state) at 1530 – 1491 cm-1 by ~50 cm-1, which is 
not observed experimentally. Moreover, ultrafast IR experiments on a highly concentrated 
AsLOV2 sample probing the S-H stretch region around 2760 cm-1 did not reveal a bleach that 
would be expected from deprotonation of the conserved cysteine’s thiol (results not shown). 
Thus, the present data support the notion that LOV2-bound FMN in the triplet state remains 
unprotonated during the first nanoseconds. 
Sato et al. recorded the FTIR spectrum of the photoaccumulated FMN triplet state of 
Adiantum phy3LOV2 at low temperature, which featured C=N stretch downshifts from 1590-
1546(-) to 1493(+) and 1439 (+) cm-1, essentially identical to the shifts observed in this study. 
In addition, a protonated cysteine thiol was observed (27). We conclude that the low-
temperature photoaccumulated FMN triplet in LOV2 and that observed in real-time by 
ultrafast IR spectroscopy have similar molecular properties, even though the former 
corresponds to a nonreactive fraction of LOV2 domains that do not form the covalent adduct 
at low temperature. 
 
Implications for the reaction mechanism of covalent adduct formation.  
The present results from ultrafast IR spectroscopy on AsLOV2 indicate that the FMN triplet 
state is formed from the FMN singlet excited state at a considerable yield of ~50%. We have 
demonstrated that the FMN triplet state in LOV2 remains unprotonated on the nanosecond 
timescale. Therefore, the previously hypothesized model that protonation of the FMN triplet 
on a nanosecond timescale by cysteine would take place, which in turn leads to adduct 
formation through nucleophilic attack on a microsecond timescale (8) is probably not correct. 
In the context of an ionic model, this may imply that excited-state proton transfer from 
cysteine to FMN occurs in concert with a nucleophilic attack (Fig. 1, upper panel) (10, 12, 13) 
and in fact constitutes the rate-limiting step. The latter possibility is supported by the 
observation that H/D exchange in LOV2 slows down the time constant of covalent adduct 
formation from 2 μs to 10 μs (28).  
Kay et al. discussed the improbability of an ionic mechanism for adduct formation by noting 
that in such case, the covalent adduct has to be formed in its triplet state, which would be 
energetically highly unfavorable. A direct formation of the adduct singlet ground state from 
the FMN triplet state would be a spin-forbidden process, and, if preceded by a triplet-to-
singlet transition to the FMN ground state, it was argued that the FMN would deprotonate 
rapidly before the adduct could be formed. Instead, by observing FMNH• neutral semiquinone 
radicals in cysteine mutants of Avena sativa phot1-LOV2, Kay et al. proposed that adduct 
formation proceeds via a radical-pair mechanism (Fig. 1, lower panel) (15, 16). This 
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mechanism was supported by experiments on a site-directed mutant of Chlamydomonas 
LOV1 where cysteine was replaced by methionine (17, 18). In addition, quantum-chemical 
calculations by a number of research groups invariably favored the radical-pair over the ionic 
mechanism through energetic considerations of the transition state (19-22). On the basis of 
cryotrapping experiments it was argued that electron transfer from the conserved cysteine to 
FMN would constitute the rate-limiting reaction, after which proton transfer would lead to 
FMNH● formation (16). However, the observation that H/D exchange in LOV2 slows down 
the time constant of covalent adduct formation 5-fold (28) supports hydrogen transfer as the 
rate-limiting step for FMNH● formation (15). 
No direct spectroscopic observation for the occurrence of flavin radicals has been reported in 
the photocycle of LOV domains (8, 10, 11, 28, 43). However, by their nature, such radicals 
would be a short-lived intermediate between the flavin triplet and covalent adduct states, and 
thus easily escape detection. We conclude that thus far, the question whether an ionic or 
radical-pair mechanism is in operation in LOV domains remains unsettled. 
 
Heterogeneity in FMN C=O vibrational frequencies. 
Figure 5 reproduces the EADS of Figure 2, zooming in on the spectral region of the FMN 
carbonyl signals (1750–1600 cm-1). Close inspection of the carbonyl bleach signals at 1714 – 
1678 cm-1 shows a fine structure, with bleach minima at 1678 and 1714 cm-1, and a shoulder 
at 1694 cm-1. The lower panel of Fig. 5 shows the EADS of a highly concentrated AsLOV2 in 
H2O where the carbonyl bleach bands are better resolved, clearly showing three distinct 
bleach minima. The three bleach bands rise within the instrument response of the apparatus 
(200 fs) indicating that these modes can be assigned to the LOV2-bound FMN chromophore. 
Thus, three carbonyl vibrational modes are associated with FMN in dark-state AsLOV2, with 
frequencies at 1678, 1694 and 1714 cm-1. This is a rather striking observation, as only two 
carbonyl modes are expected for flavins, i.e. the C2=O and C4=O mode (34). Previously, the 
1714 cm-1 mode was assigned to LOV-bound FMN C4=O, whereas the 1678 cm-1 mode was 
assigned to C2=O (5, 31, 32). The 1694 cm-1 mode was observed in several LOV FTIR 
spectra, but not assigned. Here, we unambiguously demonstrate that the latter is associated 
with the FMN chromophore. 
To further characterize the FMN carbonyl vibrational pattern in LOV2, we performed 
ultrafast IR spectroscopy on AsLOV2 dissolved in D2O. The time-resolved data were globally 
analyzed utilizing a sequential kinetic scheme. As with AsLOV2 in H2O, one lifetime of 1.5 
ns and a component that did not decay on the time scale of the experiment were found. The 
resulting EADS are shown in Figure 5 (top panel). The first EADS (black line) is assigned to 
the FMN singlet excited state. As compared to AsLOV2 in H2O, significant shifts are 
observed between 1730 and 1650 cm-1, with bleach minima at 1707, 1688 and 1667 cm-1, and 
an induced absorption at 1642 cm-1. Thus, the band previously assigned to C(4)=O at 1714 
cm-1 in H2O (32) downshifts to 1707 cm-1 in D2O. The large carbonyl bleach envelope in H2O 
containing the 1694 cm-1 shoulder and 1678 cm-1 minimum down-shifts and splits into two 
distinct bands at 1688 and 1667 cm-1 in D2O. The downshift of the carbonyl frequencies is 
mainly due to deuteration of the FMN N(3)-H bond, as both of these modes also involve a 
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substantial contribution from the N3H-(D) bend (44). For comparison, the light-minus-dark 
FTIR spectra (LmD) of AsLOV2 in H2O and D2O are also shown in Figure 5 (middle panel). 
Similar downshifts of FMN upon H/D exchange are observed in these spectra.  
Figure 5: Evolution-associated difference spectra (EADS) that follow from a global analysis of ultrafast 
infrared transient absorption experiments on the A. sativa phot1 LOV2 (AsLOV2) domain in the carbonyl 
region in D2O (A) and H2O (C). Black lines denote the first EADS with a lifetime of 1.5 ns, the grey lines 
the non-decaying EADS. Panel D shows the EADS of a highly concentrated AsLOV2 sample in H2O where 
the three FMN carbonyls bands are clearly resolved. AsLOV2 Light-minus-Dark FTIR spectra in H2O 
(black) and D2O (grey) are shown in panel B. Panel B an inset zooming in the 1710 cm-1 spectral region is 
displayed. 
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The extent of the downshift upon H/D exchange indicates that the 1694(-) cm-1 band belongs 
to FMN C(4)=O. We observe that the 1694(-) band downshifts by 6 cm-1 to 1688(-) cm-1. This 
is comparable to the shift of the C(4)=O band at 1714 cm-1, which downshifts by 7 cm-1 to 
1707 cm-1. In contrast, the C(2)=O band at 1678(-) cm-1 undergoes a significantly larger 
downshift by 11 cm-1 to 1667 cm-1. Thus, the 1714 and 1694 cm-1 bands belong to FMN 
C(4)=O and 1678 cm-1 band to FMN C(2)=O. Comparable FMN carbonyl downshifts have 
been observed in the Slr1694 BLUF domain from Synechocystis upon H/D exchange (45).  
The presence of two distinct FMN C(4)=O vibrational frequencies at 1714 and 1694 cm-1 in 
AsLOV2 is interpreted in terms of conformational heterogeneity in the LOV2 domain 
involving two different C(4)=O conformer populations that are singly and doubly H-bonded, 
respectively, which co-exist in the dark state. Such conformers display slightly shifted 
absorption spectra and likely cause a splitting of the 475 nm band in the UV/Vis spectra of 
LOV domains at low temperature (Alexandre et al., accompanying paper, LowT AsLOV2).  
 
 
CONCLUSIONS 
 
In this study we describe the results of an ultrafast blue pump, mid-infrared probe 
spectroscopic study on the LOV2 domain of Avena sativa phototropin 1 (AsLOV2). Two 
components were required for an adequate description of the time resolved data, with a 
lifetime of 1.5 ns and a component that did not decay on the timescale of the experiment. 
These two kinetic components were assigned to the singlet excited and the triplet excited 
states of FMN, respectively. As expected for a п-п* electronic transition the C=O and C=N 
double bonds of the isoalloxazine moiety acquire a single bond character in the singlet excited 
state characterized by bandshifts at ~1700(-)/1657(+) and 1582;1550(-)/1490;1438(+) cm-1, 
respectively. Upon triplet formation the C=O and C=N stretches are overall similar to the 
singlet excited state while pronounced absorption bands at 1415 and 1375 cm-1 in the singlet 
excited state disappear and are replaced by absorptions at 1438 and 1390 cm-1. This work 
shows that the primary photoproduct of AsLOV2 formed from the FMN singlet excited state 
with a yield of ~50% remains unprotonated on the nanosecond timescale. In addition, we 
report that the LOV2-bound FMN chromophore in the dark exhibit three carbonyl stretch 
modes assigned to C(2)=O and h-bonding heterogeneity of the C(4)=O.  
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Phototropins control phototropism, chloroplast movement, stomatal opening 
and leaf expansion in plants. Phototropin 1 (Phot1) is composed of a kinase 
domain linked to two blue light sensing domains: LOV2 and LOV1 which 
bind FMN. Disruption of the interaction between the LOV2 domain and a 
helical segment named Jα, joining the LOV to the kinase domain, induces 
subsequent kinase activity of phototropin 1 and further downstream signal 
transduction. Here we study the effects of temperature and hydration on the 
light triggered signal propagation in AsLOV2/Jα using FTIR spectroscopy in 
order to unravel part of the molecular mechanisms of phototropin 1. We report 
that AsLOV2/Jα shows an intense signal in the Amide I and II regions arising 
mainly from β-sheet changes and unbinding of the Jα helix from the PAS core 
and its subsequent partial unfolding. Importantly, these structural changes only 
occur under conditions of full hydration and at temperatures above 280 K. We 
characterized a newly isolated low-hydration intermediate, which shows 
tightening of the loops without complete Jα unfolding, suggesting that this 
loop-tightening is the last event before strong β-sheet changes are followed by 
a large Jα motion. In addition, we report a heterogeneity in AsLOV2/Jα 
involving two different C(4)=O conformer populations, co-existing in the dark 
state and characterized by carbonyl frequencies at 1710 and 1695 cm-1 that are 
due to a singly- and doubly H-bonded carbonyl, respectively. Such conformers 
display slightly shifted absorption spectra and cause a splitting of the 475 nm 
band in the UV/Vis spectra of LOV domains at low temperature.  
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INTRODUCTION 
 
Phototropism, chloroplast movement, stomatal opening and leaf expansion in plants are 
regulated by complex molecular mechanisms which involve two phototropins (Phot1 and 
Phot2)(1). Phot1 contains two light sensing domains: LOV1 and LOV2, of which LOV2 is 
the principal (2). Description of the photoreceptors dynamics of the LOV2 domain is 
therefore necessary to understand such regulatory mechanisms. LOV2 domains belong to the 
superfamily of the PAS domains, found in all kingdoms of life; they constitute the signal-
input domain of numerous systems and are coupled to a wide variety of output domains (3). 
As LOV domains have an ancient origin and consequently a widespread occurrence, they play 
an important role in the detection of, and response to, blue light (4). It is then of interest to 
unravel the pattern of propagation of the blue-light induced signal through the Avena sativa 
phot1 domain (AsLOV2), to lead to activation of the phot1 kinase domain. FMN is 
noncovalently bound to the protein via a number of hydrogen bonds and non-polar and polar 
interactions (5, 6). Blue-light absorption promotes the noncovalently bound FMN to its 
singlet excited state, which in turn evolves to the triplet state at high efficiency (7-10). From 
the FMN triplet state, a covalent adduct between a conserved nearby cysteine residue and the 
C4a atom of the FMN moiety is formed (5-7, 11, 12). This state is referred to as S390 (5-7, 11, 
12) and is thought to correspond to the signalling state of the LOV domain that promotes 
kinase activation (1). The covalent adduct thermally decays presumably through base 
catalysis (7, 10, 13) to regenerate the dark state at a rate that may vary by several orders of 
magnitude between LOV domains from different species (14, 15). Sequence alignment of 
LOV1 and LOV2 domains from all phototropins identified to date reveals the presence of a 
conserved segment associated only with LOV2. It is located outside the LOV2 domain and 
involved in the linker region between LOV2 and the kinase domain. Using NMR 
spectroscopy, Harper et al. have shown that the 40 amino acids at the C-terminal of Avena 
sativa phot1 LOV2 forms a helical secondary structure, termed Jα (16). This helix is 
amphipatic and binds to the solvent exposed β-sheet surface of LOV2, burying hydrophobic 
surfaces on both sides. Upon illumination of the LOV2 domain, the LOV2/Jα interaction is 
eliminated, Jα loses its secondary structure and partially unfolds. These observations are in 
agreement with a far-UV CD study on the same LOV2 domain, which suggested a reversible 
loss of α-helicity during the photocycle (7). Further evidence for changes in the protein 
secondary/tertiary structure has come from transient grating spectroscopy (17), time-resolved 
optical rotation experiments (18) and small angle X-ray scattering (19). As the Jα helix is part 
of the linker region joining the LOV to the kinase domain, disruption of its interaction with 
the PAS core induces subsequent kinase activity of phototropin 1 and further downstream 
signal transduction (20). The structural dynamics of photoreceptor proteins is controlled by 
many factors, including temperature and degree of hydration of the sample, as shown e.g. for 
PYP (21) and the Adiantum capillus-veneris phy3LOV2 domain (phy3LOV2) (22). 
Controlling protein dynamics by temperature and/or the degree of hydration, allows trapping 
of intermediate states of these photoreceptor proteins (21-24). Also, packing in a crystal 
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lattice reduces protein dynamics (16, 25, 26). The UV-Visible absorption spectrum of the 
adduct state in LOV domains is essentially independent of temperature and exhibits a single 
band around 390 nm, hence its name S390. The bands of this adduct state in FTIR spectra of 
phy3LOV2 (27) are essentially independent of temperature. In contrast, the protein structural 
changes are highly temperature dependent and are involved in the transition from a state 
denoted as S390-I (below 250 K) to a state denoted S390-II state at room temperature. These 
S390-I and S390-II states, proposed by Kandori et al., are characterised by small and large 
changes in α-helix and β-sheet structure, respectively. Samples with a low level of hydration 
form a S390-I like state at room temperature, similar to the one observed at 200 K in hydrated 
samples (22). The light-induced changes in protein structure are significantly restricted in 
LOV2 crystals, as the β-sheet surface is unaffected upon illumination (5, 26). Such an 
S390crystal state likely corresponds to a S390-I type of state that shows small structural 
changes in the α-helices and β-sheets. The light state of AsLOV2 as determined by NMR 
likely corresponds to a S390-II-like state. This suggests that the S390-II state is required as 
the stable physiological signal, whereas S390-I is unlikely to show physiological activity. 
This view is supported by an attenuated light-induced autophosphorylation of phot1 observed 
upon mutation of a conserved glutamine residue (Gln513) within LOV2 (28), reported 
previously to be required to propagate structural changes at the LOV2 surface to generate a 
S390-II-like state (29). Possibly, a conserved phenylalanine residue (Phe494) in (phy3) LOV2 
is also necessary in signal propagation (30). The recently reported crystal structure of the 
AsLOV2 domain with an intact Jα helix (AsLOV2/Jα) (26) shows only modest structural 
changes of a conserved N-terminal turn-helix-turn motif, and of the C-terminal region that 
contains the amphipathic Jα helix and the β-sheet protein surface on which the latter helix can 
pack. Both the N-terminal and C-terminal segment are involved in intermolecular contacts 
within the crystal lattice, which may be responsible for the different dark-state structure, as 
compared to the NMR structure, which exhibits a different Jα helix packing (16), as well as 
for the smaller amplitude of the light induced structural changes. Slight length difference for 
the N-terminal-AsLOV2/Jα-C-terminal construct used in NMR (404-560) and X-ray (404-
546) can contribute to such discrepancies. Similar to the phy3LOV2 light state X-ray 
structure, the light state of AsLOV2/Jα of Halavaty and Moffat likely represents an S390-I-
like state, its motion restricted by the tight packing in the crystal lattice.  
Here, we study the light triggered signal propagation in AsLOV2/Jα as a function of 
temperature by means of temperature-dependent FTIR spectroscopy under conditions of 
optimal hydration, to observe the full photoreceptor dynamics at physiological temperature 
and unravel part of the molecular mechanisms of phototropin 1. Our study shows a likely 
pathway for signal propagation from the absorption of a blue photon, inducing flavin adduct 
formation, to the Jα-helical motion responsible for the kinase activity in plant phototropin 1. 
We report that the FTIR light-minus-dark spectrum of AsLOV2 at physiological temperature 
shows an anomalously strong differential signal in the amide I and II regions as compared to 
previously measured LOV domains, suggesting full unbinding from the PAS core and partial 
unfolding of Jα helix. These large-scale protein structural changes only occur above 280 K. A 
strong dependence on hydration is observed, as for phy3LOV2 (22). By avoiding dehydration 
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and rather preparing very concentrated samples by means of centrifugation and gentle partial 
evaporation, we observe intermediates different from those observed previously (7, 22). The 
main intermediate observed is assigned to the AsLOV2 S390-II state, observed in fully 
hydrated samples at 280-300 K. We also conclude that two FMN C(4)=O conformers that are 
singly and doubly H-bonded, co-exist in the dark state. Such conformers display slightly 
shifted absorption spectra and cause a splitting of the 475 nm band in the UV/Vis spectra of 
LOV domains at low temperature (8, 22, 31, 32). 
 
 
MATERIALS AND METHODS 
 
LOV2 expression and purification.  
The LOV2 domain from Avena sativa (oat) phototropin 1 (AsLOV2) was expressed and 
purified as previously described (16): It was expressed from a construct spanning residues 
404–560 (construct generously provided by L. Neil and K. Gardner of the University of Texas 
Southwestern Medical Center, Dallas, USA). The collected fractions containing AsLOV2 
from the His-Trap HP column (GE Healthcare) contained about 150 mM imidazole and were 
further dialysed against a buffer containing 20 mM Tris/HCl pH 8, plus 10 mM NaCl (10 mL 
of AsLOV2 solution against 5 L buffer) and further purified using a 6 mL Resource Q ion-
exchange column (GE Healthcare) using an NaCl gradient in order to ensure complete 
removal of imidazole. The sample was stored in 20 mM Tris/HCl pH 8, 50 mM NaCl. For 
control experiments, the His-tag and the B1 domain of G protein fused to the AsLOV2 
domain have been cleaved using TEV protease (Invitrogen) as described previously (20). 
FTIR experiments on cleaved and un-cleaved constructs afforded identical results.  
 
Differential FTIR spectroscopy. 
Infrared difference spectra have been recorded using an FTIR spectrometer (IFS 66s Bruker) 
equipped with a nitrogen cooled photovoltaic MCT detector (20 MHz, KV 100, Kolmar 
Technologies). A blue LED emitting at 470 nm (5 mWatts output power) was used for photo-
conversion at saturating intensity. Low-temperature spectra were measured by using a 
cryostat (Optisat DN, Oxford) with a temperature controller (ITC4, Oxford) and liquid 
nitrogen as the coolant. The FTIR sample was cooled to the set temperature and, after full 
equilibration (about 15 min) a background (Inverse of Fourier Transform (FT-1) of I0) and 
sample (FT-1 of I) interferogram were recorded before and after switching on the blue light. 
Background and sample interferogram are the average of 500 and 2000 interferograms, 
recorded at 4 cm-1 resolution, respectively. After Fourier transform the obtained absorption 
spectrum represents the light minus dark FTIR difference spectrum. The sample was brought 
to room temperature between measurements at different temperatures. Two recordings have 
been averaged for each temperature. The FTIR sample was made with a drop of 2 µL of 
OD450 nm of about 100 (8 mM AsLOV2 in 20 mM Tris/HCl pH 8, 50 mM NaCl) spread 
between two tightly fixed CaF2 windows without any spacer and greased for tightness. A 
partly dehydrated sample (PDS) has been prepared by slowly evaporating a 6 µL drop of 
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OD450 of about 100 to an approximate volume of 2 µL. The steady state FTIR light-dark 
difference spectra of a fully hydrated sample and the PDS are displayed in Figure S1. 
Photoconversion is dependent on temperature and amounts to about 40, 70 and 80 % at 77, 
150 and 300 K, respectively (27, 31).  
 
 
RESULTS AND DISCUSSION 
 
Secondary and tertiary structure light- induced changes in AsLOV2.  
We have performed temperature-dependent FTIR spectroscopy on AsLOV2 in the Amide I-
carbonyl, Amide II and finger-print regions to probe the FMN and protein conformational 
changes upon illumination (Figure 1).  
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Figure 1: FTIR spectra recorded on fully hydrated AsLOV2/Jα recorded as a function of temperature in 
the 1750-1200 cm-1 region at 140 (thick grey line) and 300 K (thick black line). 
 
Low-temperature FTIR spectra of phy3LOV2 in the Amide I region have shown that the 
FMN bands are essentially temperature independent and that FMN and Amide I-turn-bands 
dominate the spectra between 140 and 250 K (27). Figure 2a shows the low temperature light-
minus-dark FTIR spectra from 140 K to 300K of AsLOV2 in the carbonyl region between 
1750 and 1600 cm-1. At the different temperatures, photoconversion varies from 40 to 80%. 
To compare the extent of protein structural changes, the spectra have been normalised on the 
1730 (+) band, of which the amplitude is proportional to the number of adduct states (27). 
Between 140 and 250 K, a pronounced temperature dependence (factor of 2 in amplitude) is 
observed for bands at 1676(-)/1702(+) cm-1 and a weak dependence for 1647(-)/1640(+), 
1659(+) and 1634(-)/1628(+) cm-1, assigned to the Amide I carbonyl stretch mode of turns, α-
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helix and β-sheet, respectively. The 1676(-) cm-1 band contains contributions from both the 
FMN C(2)=O and PAS fold loops at all temperatures. In the light state, the loop-bands upshift 
from 1676(-) to 1702(+) cm-1 at temperatures below 250 K, and downshift to about 1660 cm-1 
at temperatures between 280 and 300 K. The FMN C(2)=O upshifts to 1686 (+) cm-1 and is 
essentially temperature independent. The band at 1694(-) cm-1, previously observed in 
phy3LOV2 but not assigned (33), is temperature independent and assigned to FMN C(4)=O 
in the dark state as will be discussed below. The 1712(-)/1731(+) bandshift is clearly 
temperature-dependent (Figure 1 and 2) and is assigned to C(4)=O of FMN (27, 33). The 
FTIR spectra between 140 K and 250 K are very similar to those reported by Kandori et al. 
for phy3LOV2 (27). 
Figure 2: (a) FTIR spectra recorded on fully hydrated AsLOV2/Jα recorded as a function of 
temperature in the 1750-1600 cm-1 region at 140 (thick grey line), 180 (black circle), 250 (white circle), 280 
(white square) and 300 K (thick black line). (b) FTIR spectra recorded on fully hydrated AsLOV2/Jα 
recorded as a function of temperature in the 1750-1600 cm-1 region between 140 and 250 K. The thin 
black line shows the FTIR spectrum of a partly dehydrated sample (PDS) measured at 300 K.  
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Between 250 K and 280 K, adduct formation is accompanied by very pronounced protein 
structural changes. The 280 K spectrum shows a very pronounced bleach at 1647 cm-1 that we 
assign to the carbonyl stretch frequency of amino acids in the Jα helix. This band may also 
contain some contribution from the N-terminus, composed of a helix-turn-helix motif, which 
undergoes changes in the light state of AsLOV2 (26). The Jα amide I band at 1647(-) cm-1 is 
so intense that it likely compensates the loop-modes at 1657(+) observed in the intermediate 
at 250K, indicating large-scale change of secondary/tertiary structure. As the Jα helix is 
expected to undergo a partial unfolding in the signalling state (16), its induced absorption is 
expected to be broad and at higher frequency corresponding to an Amide I random structure 
near 1650 cm-1 (34). This signal is not obvious in our spectra, however, we observe that the 
differential features in the 280 and 300 K spectra near 1660 cm-1 are superimposed on a broad 
positive absorption signal as compared to those at lower temperature, which may correspond 
to the unfolded Jα helix. The release of the Jα helix is believed to happen upon β-sheet 
tightening, as proposed for phy3LOV2 (33). The β-sheet modes, likely around 1645-1635(-) 
cm-1 show a broad positive band extending towards the lower frequency with two apparent, 
weakly resolved maxima at 1622(+) and 1611(+) cm-1. 
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Figure 3: FTIR spectra recorded on fully hydrated AsLOV2/Jα recorded as a function of temperature in 
the 1600-1200 cm-1 region at 140 K (thick grey line), 180 K (black circle), 250 K (white circle), 280 K 
(white square) and 300 K (thick black line).  
 
This suggests β-sheet tightening in AsLOV2 as well. This broad positive band extending 
toward the low frequency, extends until it joins the amide II mode at 1537(+) cm-1 (see 
below), which indicates - together with the amplitude of the Jα signal - a global change within 
the PAS fold as loops and the β-sheet are tightened and helices loosen in the light state above 
280 K. Such a drastic structural change has not been observed in previously measured LOV 
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domains, including that of phy3 LOV2 at room temperature (33). It very likely corresponds to 
the Jα-unbinding from the PAS core as the last step following β-sheet motion.  
Figure 3 shows the temperature-dependent FTIR spectra on fully hydrated AsLOV2 in the 
region between 1600 and 1200 cm-1. Most bands observed in this frequency region belong to 
FMN and result from covalent adduct formation with the conserved cysteine; they will be 
discussed in another section. Between 140 and 250 K only small differences are observed. 
Upon increasing temperature from 250 to 280-300 K, a large spectral change is observed in 
the amide II region around 1570 and 1530 cm-1. Considering that the amide II band in the 
dark state of phy3LOV2 is observed around 1550 cm-1 (33), we assign the 1551(-
)/1573(+)cm-1 bandshift to an amide-II change in AsLOV2. Note that the band at 1551 cm-1 
contains also a significant contribution of the FMN C(10a)=N1 stretch. The amplitude of the 
positive band at 1573 cm-1 is so intense at 280 to 300 K that the 1583 cm-1 band (which 
belongs to FMN C(4a)=N(5)) is only visible as a dip in the positive shoulder of the 1573 cm-1 
band. These drastic changes in the amide II region at room temperature were not observed in 
other LOV domains (7, 27, 35, 36) and likely correspond to unbinding and partial unfolding 
of the Jα helix. 
To assess the effect of dehydration, a partly dehydrated sample (PDS) has been prepared by 
partial evaporation, as described in the Materials and Methods section. Dehydration has the 
same effect as temperatures above 200 K, as observed for phy3LOV2 (22). The obtained 
light-minus-dark spectrum of AsLOV2 at 300 K is shown Figure 2b (thin black line) along 
with the temperature-dependent FTIR spectra of the fully hydrated sample between 140 and 
250 K. We observe that as compared with the 280 and 300 K spectra of the hydrated sample, 
the large bleach at 1647 cm-1 is absent, indicating that even under mildly reduced hydration 
conditions, the Jα helix does not unfold upon illumination. 
 
As compared to the 250 K spectrum of the hydrated sample (white circle line), the PDS 
spectrum at 300 K is characterised by disappearance of loops band at 1703(+), the appearance 
of a strong positive band at 1658 cm-1 and increased negative band amplitudes in the α-helix 
and β-sheet region at 1641 and around 1634 cm-1, respectively. Its light state C(4)=O 
frequency is at 1728 cm-1, in between the ones of the hydrated sample at 250 and 280 K 
spectra at 1725 and 1730 cm-1, respectively. The position of this band is related to the extent 
of the β-sheet changes because C(4)=O is connected via a H-bond to Asn-492, which belongs 
to the D-strand, as proposed by Iwata et al. (22). This is consistent with the amplitude of the 
negative band in the β-sheet region in the PDS spectrum which is in between the one 
observed at 250 and 280 K. The protein in the PDS does transform into an intermediate 
between the one observed at 250 and 280 K in which full Jα helix motion is not yet achieved 
even if β-sheet changes are stronger and the loops have strengthened. This is in sharp contrast 
with their loosening at low hydration and low temperature (1702(+) cm-1 band). As the 
C(4)=O light state frequency, the loop-behaviour, and the α-helix and β-sheet changes of the 
PDS are in between the ones of the 250 and 280 K spectra, we assign the light state of the 
PDS to an S390 intermediate in-between state S390I and S390II.  
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The AsLOV2 light minus dark FTIR spectrum of Swartz et al. (7) at room temperature is 
similar to our 250 K spectrum with a very similar C(4)=O frequency at 1725 cm-1, indicating 
that this state has a comparable C(4)=O FMN configuration in the light state. As discussed 
above, the PDS spectrum appears to represent a next step in the AsLOV2 photocycle in 
between S390I and S390II. This suggest that our PDS contains more water than the sample 
used by Swartz et al. and is consistent with the circumstance that our PDS sample was not a 
re-hydrated film, nor did we lyophilise the LOV2 domain prior to the spectroscopy 
experiments. 
AsLOV2 shows intense signals arising from the Jα -helix and the β-sheet Amide I and Amide 
II vibrational modes at room temperature. The amplitude of the vibrational mode changes is 
significantly larger than those observed previously for other LOV domains (7, 22, 27, 33, 36, 
37). Such changes are also accompanied by important changes in loop modes. The low-
hydration intermediate clearly shows tightening of the loops without complete Jα unfolding, 
suggesting that this loop-tightening is the last event before strong β-sheet changes are 
followed by a large Jα motion. The temperature- and hydration-dependent switch of helical 
motion highlights the importance of rearrangements of water molecules in propagation of 
protein structural changes: when the water melts, full signal propagation is observed in 
AsLOV2. This is consistent with the notion that in photoreceptor proteins, intraprotein water 
molecules are as essential for biological functions as amino acids (38). This could have some 
implications for low temperature/hydration stress in plants, as our results strongly suggest that 
activation of the kinase activity of phototropins is suppressed below 273 K or under low-
hydration conditions, and suggests the necessity of cryoprotectant in the plant cells for plants 
living in a cold winter regions.  
To summarize our assignment of low temperature and hydration FTIR spectroscopy on 
AsLOV2 Amide I and II modes we suggests that the following sequence of events has to take 
place for signalling state formation to occur (Figure 4):  
 
- (i) adduct formation between FMN and Cys450 that accompanies loosening of the loop 
region (S390I1); observed at 77 K and 150 K in this study and in (22). 
- (ii) loosening of the loop region (S390-I) is accompanied by weak α-helix and β-sheet 
motion (S390-I2), as probed by the C(4)=O frequency, which upshifts to about 1725 cm-1; 
observed at 250 K in this study and in (22). The obtained light state crystal structures of phy3 
and AsLOV2 domains likely correspond to one of these later intermediates (5, 26).  
- (iii) further structural perturbation of the β-sheet that involves Phe-494 and Gln-513 in 
phy3LOV2 (S390-I3) (29, 30). 
- (iv) strengthening of loop region which triggers further α-helix and β-sheet motion,. (S390-
II1), as observed in this study for the PDS at room temperature.  
- (v) strengthening of the loops associated with strong α-helix and β-sheet motion. The signal 
propagates outside the PAS core via release of the Jα-helix from the β-sheet of the LOV core 
(S390-II2), as observed above 280 K in this study. These events involve motion of the binding 
hot spots I539, A536, I532 as determined by NMR for AsLOV2/Jα (20). 
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Figure 4: Model proposed for blue light signal propagation from the FMN to the β-sheet surface of the 
PAS core, inducing Jα unbinding and subsequent kinase activity in LOV2 domains. LOV2-S390State I 
undergoes limited short-range protein changes whereas LOV2-S390State II undergoes long range 
structural changes modifying the PAS core surface and extending outside via interaction disruption with 
the Jα helix. The intermediate between state I and II observed in this study is also shown.   
 
Multiple FMN C(4)=O conformers exist in the dark state of AsLOV2. 
The AsLOV2/Jα FTIR spectra in the carbonyl region exhibit a number of bands that belong to 
both FMN and Amide I modes. We assign three C=O stretch frequencies at 1712, 1694 and 
1680 cm-1 to FMN (Figure 2a). The 1712 and 1680 cm-1 bands are readily assigned to C(4)=O 
and C(2)=O of FMN, respectively (33). The 1694(-) cm-1 band was observed in all measured 
LOV domains to date, i.e. Chlamydomonas phototropin LOV1 (CrLOV1), Chlamydomonas 
phototropin LOV2 (CrLOV2), YtvA-LOV, AsLOV2, phy3LOV2 and phy3LOV1, but was 
not assigned (7, 35-37). Interestingly, our time-resolved IR femto-second pump probe spectra 
show these three negative bands during the singlet-excited state of FMN (Alexandre et al., 
accompanying paper). On this basis, we can unambiguously assign the 1694 cm-1 band to a 
FMN carbonyl mode. Moreover, the same three negative bands are observed in the 
semiquinone-minus-oxidised FMN FTIR spectra of AsLOV2 and AsLOV2-C450A, where 
Amide I or other protein modes do not have a contribution (Alexandre et al. FLN paper). 
There are two possible assignments for the 1694 cm-1 band, namely FMN C(2)=O or C(4)=O. 
Assignment to FMN C(2)=O would correspond to a C(2)=O conformer free of H-bonding, 
considering that the other C(2)=O conformer at 1676(-) cm-1 is doubly H-bonded. A 1694(-) 
cm-1 conformer implies that the two H-bonding partners, Gln-513 and Asn-492, should not 
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interact with C(2)=O, which is not consistent with the crystallographic (26) and recent NMR 
data (39) which indicating strong H-bonding at C(2)=O in the dark state. Thus, assignment of 
the 1694(-) cm-1 band to FMN C(2)=O is unlikely. 
Assignment of the 1694(-) cm-1 band to FMN C(4)=O would correspond to a C(4)=O 
conformer that is doubly H-bonded in the dark, considering that the other C(4)=O conformer 
at 1710(-) cm-1 is singly H-bonded in the dark as shown Figure 5. A doubly H-bonded 
C(4)=O conformation is consistent with the crystallographic structure, which shows two 
potential H-bonding partners: Gln-513 and Asn-492 (26). Upon mutation of the Gln-513 
(AsLOV2 numbering) in phy3LOV2, the C(4)=O upshifts from 1710(-) to 1723(-) cm-1 (29), 
indicating the existence of a H-bond between Gln-513 and C(4)=O in the dark state. There is 
no evidence of a contribution from Asn-492 related to the 1710 cm-1 band in the dark. We 
conclude that the 1710(-) cm-1 band corresponds to a FMN C(4)=O conformer singly 
hydrogen bonded to Gln-513. This band upshifts to 1725-30(+) in the light, corresponding to 
breaking or weakening of the hydrogen bond (40).  
 
 
 
Figure 5: Close up of the dark state AsLOV2 X-ray structure in vicinity of FMN (pdb code 2V1A). The 
potential H-bond partners of the FMN isoalloxazine moiety are Asn 482 at 2.8 Å of FMN-N(3) and 3.05 Å 
of FMN-C(2)=O, Asn 492 and Gln 513 at 3.13 and 3.18 Å of FMN-C(4)=O. The C(4)=O is in equilibrium 
between doubly H-bonded by Asn 492 and Gln 513 (left panel) and singly H-bonded to Gln 513 (right 
panel) as revealed by their respective stretching frequencies at 1694 and 1712 cm-1. The reactive conserved 
cysteine, Cys 450 at 3.83 Å of FMN-N(5) have been omitted for clarity. 
 
Positive signals that potentially correspond to a light-induced frequency shift of the 1694 cm-1 
band are found at 1687 cm-1 and 1730 cm-1 (at 300 K). The positive band at 1702 cm-1 is 
excluded because of its strong temperature dependence, which is characteristic of Amide I 
(loop) modes. If the 1694 cm-1 band represents a doubly H-bonded C(4)=O frequency in the 
dark state, then a downshift to 1687 cm-1 upon light state formation implies H-bond 
strengthening or a new H-bond partner. The latter possibility is inconsistent with the available 
crystal structures (5, 6, 26, 41). An upshift to 1730 cm-1 seems reasonable and consistent with 
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the light state crystal structure in which the light state C(4)=O is free of H-bonding or only 
weakly H-bonded by Asn-492.  
The observation of a majority of doubly H-bonded C(4)=O in the crystal structure is 
consistent with our observation that the 1694 cm-1 band is about three to four times more 
intense than the 1710 band cm-1, indicating a majority of doubly H-bonded C(4)=O 
conformers in AsLOV2. Such an equilibrium at room temperature is consistent with MD 
simulations (42), which predict H-bond between Asn-492 and C(4)=O with an occupancy of 
0.8 and 0.4 for CrLOV1 and phy3LOV2, respectively. The presence of C(4)=O conformers in 
LOV domains may have mechanistic implications as it confers conformational flexibility to 
the immediate vicinity of FMN C(4)=O. 
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Figure 6: The 2nd derivative of the absorption spectrum of AsLOV2/Jα at 300K (black line) and 77K 
(grey line). 
 
It is interesting to compare the presence of multiple C(4)=O conformers in LOV2 with the IR 
signatures observed in BLUF domains. In BLUF domains, the light-minus-dark FTIR spectra 
are dominated by a light-induced downshift of the FAD C(4)=O from 1713(-) to 1693(+) cm-1 
(43). Concomitantly, the absorption spectrum of oxidized FAD in the BLUF domain red-
shifts by about 10 nm (43), which was explained by increased hydrogen bond strength to 
FAD C(4)=O (43). The C(4)=O frequencies in the BLUF dark and light state match the 
C(4)=O frequencies of the two dark state conformers in LOV2, i.e. 1712(-) and 1694(-) cm-1. 
This observation suggests that an equilibrium of “BLUF-like dark state” and “BLUF-like 
light state” exists in the dark state of AsLOV2. If this hypothesis is correct, then, like in 
BLUF domains, the two C(4)=O conformers in LOV2 should show a spectral shift of about 
10 nm relative to each other. Strikingly, the low-temperature absorption spectra of several 
LOV2 domains at 77K show a splitting of the lowest FMN absorption band (near 474 nm at 
room temperature) into two bands at about 470 and 480 nm (8, 22, 31). Figure 6 shows the 
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second derivative of the AsLOV2 absorption spectrum of AsLOV2 at room temperature and 
at 77K. At room temperature, the main negative band at 480 nm contains a shoulder at about 
470 nm, indicating that at least two spectral forms constitute the absorption band. The 
envelope observed at room temperature containing the two peaks at 470 and 480 nm splits 
into two separate peaks at 470 and 483 nm at 77K. We propose that the 470 and 480 nm 
double band, present at room temperature, is due to two C(4)=O conformer populations of 
LOV2 domain which have shifted absorption spectra due to a single and double H-bond to 
FMN C(4)=O. The doubly H-bonded C(4)=O should be the red-shifted conformer and is 
shown to be present up to 70% in our FTIR data, which is consistent with the higher 
amplitude of the “red” 480 nm band as compared to the “blue” 470 nm band. 
 
Temperature dependence of the FMN C(4)=O frequency in the AsLOV2 light state.  
Figure 7 shows the frequency of the FMN C(4)=O vibrational mode in the light state as a 
function of temperature. Upon raising the temperature from 140 to 300 K, it shifts from 
1724(+) to 1731(+) cm-1. A similar dependence was reported by Kandori and co-workers for 
the phy3LOV2 domain (27). Here, we discuss the C(4)=O temperature-dependent frequency 
shift in AsLOV2 in relation to the recently elucidated X-ray structures at 105 K and room 
temperature (26). In the dark state, as we assign the 1712(-) band to a singly H-bonded 
C(4)=O at room temperature; the downshift from 1716(-) to 1712(-) cm-1 upon increasing the 
temperature is likely due to a H-bond strengthening to the Gln-513, as observed in the 
AsLOV2 crystal structures at 105 K and at room temperature (26). Part of this shift can also 
be due to compensation by the large positive band at 1700 cm-1. In the light state, the C(4)=O 
frequency shows an upshift from 1724(+) to 1731(+) cm-1 upon increasing temperature. This 
shift can be explained by the formation of a hydrogen bond to Asn-492 at low temperature but 
not at room temperature. Thus, the 1724(+) band at low temperature is assigned to C(4)=O 
which has lost its H-bond with Gln-513 in the dark state, but is hydrogen-bonded to Asn-492 
in the light state. Asn-492 is connected to the D-strand of the β-sheet, which may show a 
weak and a large scale motion at low temperature and room temperature, respectively (cf. Fig. 
2). Possibly, Asn-492 is pulled away from the C(4)=O by β-sheet motion at room 
temperature. Thus, as proposed by Kandori et al (30), the C(4)=O frequency may act as a 
probe of the β-sheet structural changes. This notion is consistent with its position at 1724 cm-1 
in LOV1, which does not show any β-sheet changes. (36, 37). The AsLOV2 crystal structure 
shows two possible conformations for Gln-513 in the light state at room temperature, but only 
one conformer at 105 K. This implies involvement of Gln-513 in the observed upshift upon 
increasing temperature. Accordingly, we observe that the AsLOV2 1724(+) cm-1 band 
obtained at 140 K can be fitted with a single Gaussian, centred at 1725 cm-1, whereas at 180 
K, 230 K, 280 K and 300K two Gaussians are required for to fit the bands at 1726, 1727, 
1730 and 1731 cm-1, respectively (data not shown). Both Gaussians up-shift with temperature 
in parallel and are centred at about 1725 to 1730 and 1730 to 1735 cm-1, respectively. The 
C(4)=O bands at 1730 and 1735 cm-1 can be due to two populations, weakly H-bonded to 
Asn-492 and/or Gln-513, and non-H-bonded, respectively. Possibly, the 1735 cm-1 band 
represents a flipped Gln-513 in the AsLOV2 structure. 
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Figure 7: FTIR spectra recorded on fully hydrated AsLOV2/Jα recorded as a function of temperature in 
the C4=O carbonyl-stretch region between 1750 and 1700 cm-1 at 140 K (thick grey line), 180 K (black 
circle), 250 K (white circle), 280 K (white square) and 300 K (thick black line). The thin black line shows 
the FTIR spectrum of a partly dehydrated sample (PDS) measured at 300 K.  
 
Temperature dependence of FMN modes in the 1600 – 1200 cm-1 region. 
Figure 3 shows the low-temperature light-minus-dark FTIR Spectra of AsLOV2/Jα from 140 
to 300 K in the 1600-1200 cm-1 region. Our spectra exhibit the specific IR bandshift pattern 
for adduct formation at all temperatures as reported for other LOV domains (7, 27, 35, 36) 
and will not be discussed in detail.  
In the spectral window from 1200 to 1600 cm-1, between 140 and 250 K, AsLOV2 shows a 
relatively weak temperature dependence; most of the bands shift about 2 cm-1. Above 250 K, 
however, the FMN C(10a)=N1 stretch bands at 1550 and 1508(-) cm-1 show a clear amplitude 
change and a small bandshift, respectively. These latter bands upshift to 1533 (+) cm-1 at 
room temperature in the light state. Below 250 K, the C(10a)=N1 stretch light state modes 
show a weaker temperature dependence with an isobestic point at 1520 cm-1 and a zero-
crossing evolving from 1517 to 1512 cm-1 at 140 and 300 K respectively. Changes at 
1539/1520(+) cm-1 are assigned to the FMN C(10a)=N1-C(2)=O stretch system which is 
expected to be sensitive to variation in H- bonds at the carbonyls and to the C(4a) sp3 
conformation. This suggests slightly different adduct states at the different temperatures, due 
to an altered structure of the FMN binding site. Surprisingly, the positive band doublet of 
phy3LOV2 at room temperature is similar to the one of AsLOV2 (1539/1520(+) cm-1) below 
250 K (27), suggesting a different adduct conformation in AsLOV2 at 280 K. This is 
consistent with NMR data which show different C(4a) characteristics for AsLOV2 and 
phy3LOV2 at room temperature (39). In addition, this doublet shows some variability among 
the different LOV domains and its ratio is even reversed in YtvA where the 1520(+) cm-1 
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band is higher in amplitude than the band around 1540(+) cm-1. The exact reason of such 
differences is still unclear. Temperature-dependent changes of the C=N stretch modes are 
accompanied by disappearance of the negative bands at 1469, 1450 1438 cm-1 and 1353(-
)/1301(+) cm-1, assigned mainly to δ (C7-C8)/ ν(C7/8-Me) (Ring I) and δ (C7-Me)/ ν(C8/6-C9/7) 
(Ring I, II) and ν(N10-C10a)/ν(C5a-C9a, 6) at RT. This suggests that at low temperature and low 
hydration levels, the formation of the adduct state involves more isoalloxazine modes, 
particularly in Rings I and II. Possibly, the adduct state under such conditions is strained by 
lack of protein dynamics and adopts a distorted, high energy electronic configuration. 
 
 
CONCLUSIONS 
 
The effects of temperature and hydration on the structural dynamics of AsLOV2/Jα have been 
probed using FTIR spectroscopy. AsLOV2 shows an intense signal in the Amide I region 
arising mainly from α-helices, accompanied by significant changes in β-sheet and loop 
modes. We interpret the α-helical changes as arising from unbinding of the Jα helix from the 
PAS core and its subsequent partial unfolding (16). Importantly, these structural changes only 
occur under conditions of full hydration and at temperatures of 280 K and higher. Thus, water 
in its liquid state is required for full motion of the Jα helix. We characterise a newly isolated 
low-hydration intermediate, which shows tightening of the loops without complete Jα 
unfolding, suggesting that this loop-tightening is the last event before strong β-sheet changes 
are followed by a large Jα motion. In addition, we report a heterogeneity in AsLOV2/Jα 
involving two different C(4)=O conformer populations, characterized by carbonyl frequencies 
at 1710 and 1695 cm-1, respectively. The two conformers are assigned to singly- and doubly 
H-bonded FMN C(4)=O, respectively. These two H-bonding conditions at C(4)=O shift the 
UV-vis absorption spectrum of AsLOV2/Jα, resulting in a structured absorption band at 475 
nm at room temperature and a splitting of this band at low temperature. 
Low temperature FTIR spectroscopy of AsLOV2 domain  
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Figure S1: AsLOV2 FTIR steady state absorption spectra of a fully hydrated (grey line) and a partly 
dehydrated sample (PDS; black line).  
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Abbreviations: phot, phototropin, AsLOV2, Avena sativa phot1-LOV2; CrLOV1, Chlamydomonas 
reinhardtii phot-LOV1; CrLOV2, Chlamydomonas reinhardtii phot-LOV2; phy3LOV2, Adiantum 
capillus-veneris phy3 LOV2; DEPC, diethyl pyrocarbonate; DMAP, dimethylaminopyridine. 
 
Phototropins are autophosphorylating serine/threonine kinases responsible for 
blue-light perception in plants; their action gives rise to phototropism, 
chloroplast relocation, and opening of stomatal guard cells. The kinase domain 
constitutes the C-terminal part of Avena sativa phototropin 1. The N-terminal 
part contains two Light, Oxygen or Voltage (LOV) sensing domains, LOV1 
and LOV2, each bind a flavin mononucleotide (FMN) chromophore (λmax= 
447 nm, referred as D447) and form the light-sensitive domains, of which 
LOV2 is the principal component. Blue-light absorption produces a covalent 
adduct between a very conserved nearby cysteine residue and the C(4a) atom 
of the FMN moiety via the triplet state of the flavin. The covalent adduct 
thermally decays to regenerate the D447 dark state, with a rate that may vary 
several orders of magnitude between different species. We report that the 
imidazole base can act as a very efficient enhancer of the dark recovery of A. 
sativa phot1-LOV2 (AsLOV2) and some other well characterised LOV 
domains. Imidazole accelerates the thermal decay of AsLOV2 by three orders 
of magnitude in the sub-molar concentration range, via a base-catalysed 
mechanism involving base abstraction of the FMN N(5)-H adduct state and 
subsequent reprotonation of the reactive cysteine. The LOV2 crystal structure 
suggests that the imidazole molecules may act from a cavity located in the 
vicinity of the FMN, explaining its high efficiency, populated through a 
channel connecting the cavity to the protein surface. Use of pH titration and 
chemical inactivation by diethylpyrocarbonate (DEPC) suggests that histidines 
located at the surface of the LOV domain act as base catalysts via an as yet 
unidentified H-bond network, operating at a rate of (55 s)-1 at pH 8. In 
addition, molecular processes other than histidine-mediated base catalysis 
contibute significantly to the total thermal decay rate of the adduct and operate 
at a rate constant of (65 s)-1, leading to a net adduct decay time constant of 30 s 
at pH 8. 
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INTRODUCTION 
 
Phototropins are responsible for blue-light perception in plants which leads to phototropism, 
chloroplast relocation, and opening of stomatal guard cells (1). The phototropins are 
serine/threonine kinases that undergo autophosphorylation in response to absorption of blue 
light (2). Several phototropin homologues were discovered in plants, algae, fungi and bacteria 
and it was proposed that they act as photoreceptors in their respective organisms (3-7). Two 
Light, Oxygen or Voltage (LOV) sensing domains, LOV1 and LOV2, each bind a flavin 
mononucleotide (FMN) chromophore and form the light-sensitive domains of phototropins, of 
which LOV2 is the principal component. In the dark-adapted state of LOV2, also referred to 
as D447 after its absorption maximum (8), FMN is noncovalently bound to the protein via a 
number of hydrogen bonds and non-polar and polar interactions (9, 10). Blue-light absorption 
promotes the noncovalently bound FMN to its singlet excited state, which in turn evolves to 
the triplet state at high efficiency (8, 11, 12). From the triplet state, a covalent adduct between 
a very conserved nearby cysteine residue and the C4a atom of the FMN moiety is formed. 
This state is referred to as S390 (8-10, 13-16) and is thought to correspond to the signaling 
state of the LOV domain that promotes kinase activation (1). The covalent adduct thermally 
decays to regenerate the D447 dark state at a rate that may vary by several orders of magnitude 
between LOV domains from different species (17), as shown in Figure 1a. Absorption of 
near-UV light by the S390 state also leads to rupture of the covalent adduct (12, 18). For 
convenience, the D447 and S390 states will be referred to as the dark- and light-state, 
respectively. 
 
 
 
 
Figure 1: (a) Schematic structure of the chromophore binding pocket of the LOV-domain in the 
signaling-state to receptor-state thermal decay. (b) Schematic structures of L-histidine, imidazole, 1-
methyl-imidazole and dimethylaminopyridine from left to right. All molecules are shown in the basic 
form. 
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The dark recovery rates of the covalent adduct (S390) varies widely among the various LOV 
domains, from seconds to minutes in isolated phototropin LOV1 and LOV2 domains (12, 15, 
17, 19), to hours in some bacterial LOV proteins (3, 20). In the LOV domains involved in 
circadian regulation in Arabidopsis, the covalent adduct does not decay at all (6). These 
observations indicate that in the phot-LOV domains with a fast recovery rate (up to 1 s-1) the 
disruption of the covalent adduct must be facilitated. 
On the basis of the observed pH dependence, the dark recovery was proposed to be base-
catalysed in Avena sativa (oat) phot1-LOV2 (AsLOV2) (8), Chlamydomonas reinhardtii 
phot-LOV1 (CrLOV1) (12) and Chlamydomonas reinhardtii phot-LOV2 (CrLOV2) (19). 
According to the Adiantum phy3LOV2 and CrLOV1 crystal structures, no basic amino acids 
are located in the vicinity of the FMN (9, 10). Swartz et al. suggested that two histidines at a 
distance of 14 Å and 12 Å from the FMN, respectively, on the AsLOV2 surface are possible 
candidates, from which base-facilitated catalysis may proceed, via a hydrogen-bonding 
network between base, chromophore, and intraproteineous water molecules (8). For CrLOV1 
and CrLOV2, the dark recovery rate was shown to depend on salt concentration. To explain 
the salt dependence, Kottke and Guo proposed the involvement of the FMN phosphate in the 
regulation of the dark recovery rate (12, 19). The adduct decay rate slows down significantly 
in LOV1+LOV2 tandem constructs and in the full length phot1 receptor (17, 19), indicating 
that protein-protein interactions are important for the rate of recovery as well. Finally, the 
dark recovery was shown to be thermally activated, and energetic barriers defined by the 
extent of conformational change of the LOV domain very likely also partly define the rate of 
adduct decay (12, 19, 21-23). 
The work presented here shows that the imidazole base can act as a very efficient enhancer of 
the rate of dark recovery of AsLOV2 and several other well characterised LOV domains. 
Imidazole accelerates the thermal decay of D447 of AsLOV2 by three orders of magnitude in 
the sub-molar concentration range, via a base-catalysed mechanism, involving base 
abstraction of the adduct state from FMN N(5)-H and subsequent reprotonation of the reactive 
cysteine. Moreover, by use of pH titration and diethyl pyrocarbonate (DEPC) inactivation we 
demonstrate that histidines located at the surface of the LOV domain act as natural base 
catalysts via an as yet unidentified H-bond network. This imidazole effect opens a new 
avenue for the application of spectroscopy on LOV domains which need relatively high 
repetition rates, such as step-scan FTIR. 
 
 
MATERIALS AND METHODS 
 
LOV2 expression and purification. 
The LOV2 domain from Avena sativa (oat) phototropin 1 was expressed and purified as 
previously described (24). A. sativa phototropin 1 LOV2 was expressed from a construct 
spanning residues 404–560 (construct generously provided by K. Gardner of the University of 
Texas Southwestern Medical Center, Dallas). Because in this work the imidazole effect on 
AsLOV2 has been studied it is of particular importance to ensure complete removal of 
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imidazole. To do so, the collected fractions containing AsLOV2 from the His-Trap HP 
column (GE Healthcare) were further purified using a 6 mL Resource Q ion-exchange column 
(GE Healthcare) using a NaCl gradient and dialysed against a buffer containing 20 mM 
Tris/HCl pH 8, plus 50 mM NaCl (10 mL of AsLOV2 against 5 L buffer). The sample was 
stored in 20 mM Tris/HCl pH 8, 50 mM NaCl. The MBP-CrLOV2 sample was kindly 
donated by Peter Hegemann of Humboldt University, Berlin. Imidazole and imidazole 
analogs, 1-methyl-imidazole, dimethylainopyridine (DMAP) and histidine were obtained 
from Sigma Chemicals ltd., as were azide, GnCl and DEPC. 
 
Transient (ms/s) UV/Vis measurements.  
Slow (subseconds to hours)-UV/Vis transient absorption spectra were recorded with a model 
8453 Hewlett Packard diode array spectrophotometer (Portland, OR), which has a time 
resolution of 0.1 s. Typically UV/Vis difference spectra were recorded from 280 to 550 nm. A 
Schott KL1500 light source (containing a 150-watt halogen lamp) connected to a glass fiber 
in combination with a heat filter and a 100-nm band pass filter with maximum transmission at 
450 nm was used for continuous illumination. The fluence rate of the actinic light was 
approximately 3000 μmol·m-2·s-1. 
 
Laser-flash photolysis spectroscopy. 
For fast visible transient absorption measurements an Edinburgh Instruments Ltd. LP900 
spectrometer (Livingston, West Lothian, UK) was used, equipped with a photomultiplier-slow 
board detection system connected to an oscilloscope (Tektronix TDS 340A) in combination 
with a Continuum Surelite I-10 Nd:YAG laser (output intensity 140 mJ at 355 nm; pulse 
width 6 ns). The AsLOV2 sample was excited with 355 nm laser flashes of 2-3 mJ/pulse at a 
frequency of 0.5 Hz. Time traces were recorded at 450 nm with the slow-board option of the 
photomultiplier (time resolution of 2 ms). For each measurement 50 traces have been 
averaged to increase the signal-to-noise ratio. Optical neutral density filters were used in the 
measuring beam before the sample to minimize measurement artifacts induced by probe light. 
 
Data analysis. 
For the initial analysis the fitting tools of the program Origin 6.0 (Microcal Software, Inc.) 
was used. Time traces at 475 and 450 nm were satisfactorily fitted with a single exponential 
function for both the slow and the fast measurements. 
 
Imidazole effect on AsLOV2 dark recovery. 
Enhancement of the dark recovery rate by imidazole was analyzed using AsLOV2 samples in 
20 mM Tris.Cl, 50 mM NaCl at pH 8. For the transient UV/Vis experiments the sample was 
incubated with imidazole concentrations ranging from 0.4 to 100 mM and from 150 to 660 
mM for the slow- and fast time-resolved experiments respectively. All added solutions were 
set at pH 8 using HCl or NaOH. No free FMN was found in the flow-through after 
concentrating (Centicon YM 10, Amicon, Beverly, MA) and diluting the sample 3 times in 
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the presence of 1 M imidazole, showing that the amplitude changes are not induced by either 
AsLOV2 inactivation by imidazole or by FMN release. 
 
Identification of the active form of imidazole. 
To determine which form of imidazole, i.e. the acidic or the basic form, is responsible for the 
enhancement of the dark recovery rate, the pH dependence of the imidazole effect on 
AsLOV2 was analysed in 20 mM Tris.HCl, 50 mM NaCl at pH 8, and 20 mM MOPS.HCl, 50 
mM NaCl at pH 7. The D447 state recovery was measured with the Hewlett Packard 8453 
spectrophotometer using imidazole concentrations between 0.4 and 100 mM, after adding 
small volumes from a 2 M imidazole stock solution adjusted to pH 8 and pH 7, respectively. 
 
pH titration of the rate of dark recovery of AsLOV2. 
The pH titration of ground state recovery of AsLOV2 in 100 mM KPi, 50 mM NaCl was 
started at pH 6.4. Below this pH the protein starts to precipitate. The pH was increased in a 
stepwise manner to 11.5 using 1 M NaOH. Absorption and pH signals were measured 
simultaneously at 293 K by placing a Peltier temperature controlled “Kraayenhof vessel” in 
the sample compartment of the Hewlett Packard 8453 spectrophotometer. Two of the four 
available ports of the vessel were used for the measurement beam of the spectrophotometer, 
and a third one for a pH electrode (Mettler Toledo micro-AgCl-combination-electrode, InLab 
423) connected to a Dulas Engineering amplifier (pH-meter, input impedance 1013 ohms). 
Continuous actinic illumination was provided through the fourth port of the vessel by a Schott 
KL1500 light source, equipped with a glass fiber in combination with a heat filter and a 450 
nm band-pass filter. AsLOV2 was used at an OD of 0.5 at 447 nm in a working volume of 
1.8–2 ml. The electrode was calibrated with calibration buffers of pH 4.01, 6.98, and 9.18 
(Yokogawa Europe BV, Amersfoort, The Netherlands) prior to the experiment. The data were 
fitted using the two-site competition equation of Origin 6.0 software, leading to estimation of 
the two pKas. 
 
Chemical modification of histidine residues of AsLOV2 using diethyl pyrocarbonate 
(DEPC). AsLOV2 in Tris.Cl 20 mM, 50 mM NaCl at pH 8 was incubated at room 
temperature with 5 mM DEPC from a 6M stock solution. This latter chemical is a histidine-
specific reagent which can inactivate histidine function and thereby abolished its base-
catalysis properties. DEPC can also react with tyrosine residues; however, upon DEPC 
addition no change at 280 nm could be detected in the UV/Vis spectrum of the protein (data 
not shown). We can therefore exclude tyrosine modification under our experimental 
conditions. Transient slow UV/Vis measurements were performed before and after 15 
minutes of incubation with DEPC. 
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RESULTS AND DISCUSSION 
 
Imidazole reversibly enhances the dark recovery rate of AsLOV2. 
In this investigation, we found that the AsLOV2 dark-state recovery rate was markedly 
enhanced by exogenously added imidazole. Figure 2 shows the dark state recovery of 
AsLOV2 at different imidazole concentrations ranging from 0 to 50 mM. The dark recovery 
time constant of AsLOV2 was about 30 s in the absence of imidazole at pH 8, which agrees 
well with previously reported values (8, 15). Complete recovery of the dark state is observed 
in about 10 s and 1 s for 2 mM and 50 mM imidazole, respectively. The bleaching at 475 nm 
under constant illumination decreases with increasing imidazole concentration from 0.45 to 
0.06 for 0 and 50 mM imidazole, consistent with the increased thermal recovery reaction rate 
induced by imidazole. Indeed, the steady state equilibrium under continuous illumination in 
the presence of 50 mM imidazole is light intensity dependent (data not shown). No change of 
the UV/Vis absorption spectrum of neither D447 nor S390 is observed for imidazole 
concentrations up to l M at room temperature. 
A more complete kinetic investigation of the imidazole effect has been performed in the range 
from 0 to 100 mM and 150 to 660 mM by combining slow and fast time resolved 
measurements, respectively. Using about 40 µM AsLOV2 (ε=13800 M-1.cm-1) in Tris-HCl 20 
mM, 50 mM NaCl at pH 8, adduct cleavage was enhanced about 2, 10, 100 and 4000 times by 
addition of 0.5, 2, 20 and 660 mM imidazole, respectively (Figure 3). The recovery rate is 
linearly dependent on imidazole concentration in the range from 0 to 660 mM, indicating a 
first order kinetic effect. For all imidazole concentrations AsLOV2 adduct decay could be 
fitted adequately with a single exponential and the resulting time constant shows a linear 
dependence on imidazole concentration. Thus, no additional spectroscopically distinguishable 
intermediates are formed by imidazole in the dark recovery reaction. Upon dilution of a 
sample containing 100 mM imidazole, using overnight dialyses, the dark recovery time 
constant in the absence of imidazole (30 s) is recovered, indicating that the effect of imidazole 
is fully reversible. The addition of imidazole to several other LOV domains shows a similar 
enhancement of the thermal decay rate: from (240 s)-1 to (1 s)-1 at 20 mM imidazole in 
Adiantum phy3LOV2 (phy3LOV2). In CrLOV2, which shows a biphasic dark recovery (19), 
the fast component (30 s to 0.18 s with 100 mM) is four times more sensitive to imidazole 
(expressed as fold enhancement) than the slow one (115 s to 2.5 s with 100 mM). 
This result may be correlated with the different activation energy barriers for the biphasic 
adduct cleavage that have been determined for CrLOV2, of 52 and 72 kJ/mol for the fast and 
slow component respectively (19). We cannot exclude, however, that the different 
sensitivities could be due to differences of accessibility for imidazole toward two structurally 
distinct populations (e.g. as the result of a CrLOV2 monomer-dimer equilibrium). We tested 
whether the imidazole effect was dependent on protein concentration: at 0.1 mM imidazole, 
the recovery rate is dependent on protein concentration in the range from 0.03 to about 1 mM 
(equivalent to OD 0.35 to 12 at 447 nm) with recovery time constants ranging from 32 to 24 s 
(Figure 1, supporting information). 
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Figure 2: Dark-state recovery of AsLOV2 at different imidazole concentrations, in decreasing time-
constant order: 0, 0.4, 1, 2, 4, 10, 20, 30 and 50 mM. Kinetics were measured at RT between 280 and 550 
nm with a 8453 Hewlett Packard diode array spectrophotometer (time resolution of 0.1 s). Here only the 
475 nm time trace is shown.  
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Figure 3: Enhancement of the thermal back reaction rate of AsLOV2 (in fold-stimulation) plotted versus 
Imidazole concentration. The plot combines slow-and fast time-resolved measurements of the recovery 
rate of AsLOV2 as a function of imidazole concentration.  
 
We conclude that imidazole forms a very low-affinity Michaelis-Menten complex with 
AsLOV2, without significantly disturbing the electronic state of FMN. This complex has a 
very high Kd (corresponding to a low affinity) which kon and koff rates that are very fast, much 
faster than the rate of adduct decay. A linear dependence of the thermal decay rate as a 
function of imidazole concentration has already been reported for the blue light photoreceptor 
AppA (25) and in rescue experiments using imidazole as an exogenous ligand for luciferase 
(26), horseradish peroxidase (26, 27) and ribozyme (27). In all these studies the Kd was 
estimated to be larger than several molar. However in these rescue experiments, the activity is 
A base catalysed mechanism for dark state recovery in AsLOV2 domain 
 
 166 
restored with mM concentrations of imidazole, showing that in such conditions imidazole and 
protein or catalytic RNA (ribozyme) form a discrete complex prior to catalysis. 
 
pH dependence of the imidazole effect. 
To determine which form of imidazole, i.e., the acidic or basic form, is responsible for the 
observed effects, we conducted kinetic assays at different imidazole concentrations (ranging 
from 0 to 100 mM) at pH 7 and pH 8. The concentration- and pH-dependence of the pseudo 
first-order recovery rate constant for AsLOV2 in imidazole at pH 7 and pH 8 are shown in 
Figure 4. The pKa of imidazole is 6.95, thus at pH 7 and pH 8, 53% and 92% of the imidazole 
resides in the basic form, respectively. For the different imidazole concentrations used, the 
enhancement of the dark recovery rate is between 1.7- and 1.9-times less efficient at pH 7 as 
compared to pH 8. This result agrees well with the ratio of 1.74 calculated for the abundance 
of the basic and acidic form of imidazole under these conditions, respectively. Thus, the basic 
form of imidazole is likely responsible for the enhancement of the rate of the dark recovery. 
These data are consistent with an imidazole-enhanced dark recovery by a general base-
catalysed mechanism.  
 
Specific, discrete effect of imidazole base. 
To obtain additional insights into the base-catalysed mechanism mediated by imidazole, we 
tested the effect of imidazole analogs (Figure 1b). Interestingly, histidine did not have any 
effect (up to concentrations of 100 mM), indicating that the imidazole base does not act from 
the LOV-domain surface. Thus, it could be either its size (153 Ǻ3 for histidine versus 65 Ǻ3 
for imidazole) or its polarity (both amines and carboxylates are charged at pH 8) which 
precludes the action of histidine.  
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Figure 4: Enhancement of the recovery rate of AsLOV2 as a function of imidazole concentration at pH 8 
(Δ) and pH 7 (○). The ratio of the fold enhancement between the two data sets varies between 1.7- and 1.9-
fold, which is expected considering that at pH 7 and pH 8, 53% and 92% of the imidazole is present in the 
basic form, respectively. 
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We thus investigated the effectiveness of imidazole analogs with similar size but different 
polarities. 1-methyl imidazole (molecular structure shown in Figure 1b) is more hydrophobic 
than imidazole with a very similar pKa (7.1) and exhibits a slightly higher efficiency (1.3 
times) in enhancing the rate of dark recovery of AsLOV2 at pH 8 as compared to imidazole, 
when tested at equimolar concentrations. Specifically, at 20 and 80 mM of 1-methyl 
imidazole a 130- and 450-fold enhancement of the recovery rate of AsLOV2 is observed, 
compared to 100 and 350 fold for imidazole. An even more hydrophobic analog, 
dimethylaminopyridine (DMAP, molecular structure shown in Fig. 1b)), with a pKa of 9.7, 
shows a significant effect at pH 8 where less than 2% of the DMAP molecules are in the basic 
form, indicating that this molecule is a very efficient enhancer of the dark recovery rate of 
AsLOV2. Indeed, the latter molecule exhibited only a two-fold less efficiency as compared to 
imidazole at pH 8 in the range from 0 to 10 mM DMAP. To properly compare both 
molecules, the effect of DMAP was studied at pH 10, where more than 50% of the molecules 
reside in the basic form. At pH 10, DMAP is slightly more efficient than imidazole. Because 
at this pH imidazole resides entirely in its basic form, compared to about 55% for DMAP, 
DMAP is approximately two times more efficient than imidazole in performing the catalysis. 
This increased efficiency of DMAP is very likely due to its increased hydrophobicity. 
Moreover, the acceleration by DMAP shows that the pKa of the AsLOV2 reactive cysteine is 
higher than 9.7 which is rather high for an aqueous thiol. 
Azide (HN3), a small molecule with a pKa of 4.8, had no obvious effect on the thermal decay 
of S390 of AsLOV2 at pH 8 up to concentrations of 100 mM. Azide has been reported in 
bacteriorhodopsin to shuttle protons from the solvent to the protein interior, increasing the 
decay rate of the M intermediate (i.e. Schiff-base reprotonation) (28). The lack of an effect of 
azide can be due to its negative charge at pH 8 which could disfavour its binding to AsLOV2 
and/or its low pKa.  
The question arises whether the base mediated catalysis destabilizes the light state of the 
protein via a protein-assisted recovery, or acts directly on the cysteinyl-N5 covalent adduct. 
Dark recovery enhanced by imidazole has already been shown in AppA, albeit with a 100-
fold lower efficiency (25). There, the authors concluded that imidazole was acting on the 
protein surface rather than on the H-bond network directly responsible for the stability of the 
light-induced signalling state. To test if the imidazole effect is due to disruption of non-
covalent interactions leading to destabilisation of the secondary and tertiary structure and/or 
disorganisation of the H-bond network in the vicinity of the FMN moiety of the LOV2 
domain in a non-specific way, the effect of guanidinium chloride (GnCl, chaotropic salt) on 
the rate of dark recovery was measured at various concentrations of this denaturant. We found 
that GnCl has a very weak effect up to 500 mM, and when half of the LOV2 domains are 
unfolded at 3M GnCl, only a 3-fold increase of the recovery rate is observed (data not 
shown). These results exclude the interpretation that imidazole acts in a non-specific way by 
destabilizing the PAS fold of AsLOV2. As its influence is very weak and incompatible with 
the three order of magnitude change induced by imidazole suggests a direct interaction of 
imidazole molecules with the adduct state and the acceleration of the limiting step of the 
reaction via a base catalysed mechanism.  
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Imidazole acts in the vicinity of FMN.  
No significant change was observed in the absorption spectrum of AsLOV2 between 400 and 
500 nm at room temperature in the presence of imidazole up to 1M at RT. The dark recovery 
rate varied linearly with the imidazole concentration, without any saturation effect up to 660 
mM, which precludes an estimate of the Kd of imidazole binding. However, at 77 K, a 0.5 and 
1.5 nm red shift of the absorption spectrum, with isobestic points at 428, 448, 464, 471, 478 
nm, is observed in the presence of 0.2 M and 0.5 M imidazole, respectively. This observation 
suggests the formation of a AsLOV2-Imidazole complex upon addition of imidazole (Figure 
5). The red-shift probably results from a weak H-bond between imidazole and the FMN N5 
atom or to one of its C=O groups, leading to a more delocalized FMN conjugated system. 
Such small absorption changes have been observed in rescue experiments of a His to Ala 
mutant of horseradish peroxidase, in which imidazole binds to the cavity created by the 
mutation, restoring enzyme activity and coordination of the heme to the iron atom. In similar 
experiments for choline oxidase (29) and luciferase (26), two flavin-binding enzymes, no 
spectral changes were detected upon imidazole addition, suggesting that the visible absorption 
of the flavin is relatively insensitive to a nearby bound imidazole molecule. 
 
Figure 5: Low temperature (77K) absorption spectra of AsLOV2 at different imidazole concentrations. 
No imidazole (dotted line), 200 mM imidazole (dashed line) and 500 mM imidazole (solid line). Insets are 
zooms on two isobestic points at 448 nm (left) and 471 nm (right). 
 
Cavity identification in the crystal structure of the phy3LOV2 domain. 
The fact that histidine has no effect on the dark recovery rate of AsLOV2, contrary to neutral 
basic imidazole and its hydrophobic analogs, with an increased efficiency for the latter, 
suggests that the base-catalysed activity takes place from a hydrophobic locus within the PAS 
fold. Histidine, which has the same base catalysis properties as imidazole, is able to explore 
the surface of AsLOV2 but has no effect suggesting that base catalysis does not take place 
from the AsLOV2 surface. In such a context two interpretations appear to be likely: Firstly, 
imidazole and its hydrophobic analogs may be dissolved nonspecifically in the hydrophobic 
core of AsLOV2 and interact specifically with the FMN-cysteinyl adduct. The dynamic 
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motions of the protein would allow the hydrophobic molecules to enter and reside in the core. 
However, such solubilisation of hydrophobic molecule within the PAS fold would affect 
specific interactions and would be expected to lead to unfolding of the PAS domain at high 
concentrations, which is not observed experimentally.  
Secondly, a specific tunnel-cavity structure may exist that allows specific entry and binding 
of imidazole and its hydrophobic analogs, but restricts histidine from entering it by size 
and/or charge exclusion. Such interpretation is consistent with the work of Rudiger and 
Briggs who have indicated a role for a hydrophobic cavity in light-activated 
autophosphorylation of phototropin in plasma membranes isolated from the tips of maize 
coleoptiles by use of several thiol reagents (33). Considering the small size of the LOV 
domain, this cavity is likely to be close to the FMN binding site. 
To test this hypothesis, we used three software packages (Deep View (spdbv), UCSF Chimera 
and PyMol (Caver)) to compute cavities and channels in the four different molecules of the 
unit cell of the structures of the dark and light states of phy3LOV2 (pdb code: 1G28 and 
1JNU, respectively). All calculations show the presence of two main hydrophobic cavities 
located at 4 to 5 Å from the isoalloxazine moiety. The first one is located above the dimethyl 
benzene plane and has a volume of about 30 to 40 Å3 (Deep View). The second cavity is 
larger, with a volume of about 40 to 60 A3, and is located between the C(4)=O and the PAS-
fold surface. We emphasize that the computed cavities should not be regarded as static voids 
in the PAS core: since the crystal structures represent average structures and the protein is 
highly dynamic, the cavities indicate the sites where on average more space is available for 
small molecule binding than elsewhere in the hydrophobic core.  
The volume of the cavities is slightly larger in the light state compared to the dark state which 
suggests that the imidazole binding site is more accessible in the light state. Considering the 
imidazole volume of 65 A3 we expect the bigger cavity to be a good candidate for imidazole 
binding. Moreover, light-induced protein structural changes have been found to be relatively 
small in crystals, whereas in solution, NMR spectroscopy (24) and FTIR light minus dark 
spectra of AsLOV2 (16) and phy3LOV2 (22, 34) show significant protein structural changes. 
Interestingly PYP shows the same difference of behavior in solution compared to the 
crystalline state (35). Thus, a larger imidazole accessibility of the LOV2 light-state may be 
expected under our experimental conditions (solution) compared to the crystalline state.  
The first phy3LOV2 cavity is surrounded by the dimethylbenzene moiety of the isoalloxazine 
ring of FMN and the protein residues I943, N965, T934 and V932; the second cavity by 
FMN/C4=O and the residues F950, F1006, L969, L953, T954 and N1008. Both cavities are 
quite hydrophobic, which could explain the slightly higher efficiency of 1-methyl-imidazole 
and the even higher efficiency of DMAP. It also explains the exclusion of imidazolium (the 
acidic form of imidazole), histidine and azide and the very fast kon/koff rates of the imidazole 
base. 
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Figure 6: PyMol/Caver picture showing the structure of one of the channels (tunnel), joining the large 
cavity located at 3 to 5 Å from the FMN/C(4)=O moiety with the protein surface of the phy3LOV2 Dark 
state (1G28 pdb code). The channel pointing toward the surface appears in grey, FMN in white, α-helices 
in dark grey and the β-sheet in light grey and the surface is shown as outline.  
 
A more thorough molecular surface study, using Chimera, shows the structure of the second 
cavity, which exhibits two narrow channels that point towards the LOV surface. The longest 
channel reaches the surface by forming a “hole”. The latter is located between the αA helix 
and the bottom of the five β-strands, forming a “cliff”, further identified as a potential 
imidazole binding site on the PAS fold surface by Chimera. Strikingly, similar cavity-
channel-surface structures are observed in the crystal structure of CrLOV1 (10), PYP (36) and 
NifL (37), suggesting that it is an intrinsic structural property of the PAS fold. Nevertheless, 
imidazole did not have any observable effect on the photocycle kinetics of PYP (data not 
shown). Because the first, smaller, cavity does not show any opening to the solvent, the 
highest population of imidazole molecules is to be expected in the cavity located between the 
surface and the FMN/C4=O. In order to test this hypothesis the Caver plug-in has been used 
in PyMol to specifically compute channels. As expected, the first cavity is connected to the 
surface via very narrow channels while the second cavity shows three channels, starting 3 to 4 
Å from the FMN/C(4)=O, and pointing towards the same (Chimera) hole in the surface, 
following slightly different routes. For clarity reasons only one of these channels is shown in 
Figure 6. This observation is consistent with the red-shift of the low temperature absorption 
spectrum, which suggests a weak H-bond interaction between imidazole and the FMN N(5) or 
C=O.  
 
Mechanism of the imidazole-base catalyzed accelerated dark recovery of AsLOV2. 
By fitting an imidazole molecule in the computed cavity using DeepView and/or Chimera, it 
can be shown that its two nitrogen atoms are located at about 4 to 5 Ǻ from the FMN N(5), 
which carries a hydrogen in the light state.  
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Figure 7: proposed ionic base-catalysed mechanism to account for the imidazole-mediated acceleration 
of the dark-state recovery of Avena sativa phot1-LOV2. See text for further details.  
 
Such proximity could explain the surprisingly high imidazole sensitivity (more than a 4000 
fold increase of the recovery rate at 0.66 M) of AsLOV2, pointing toward a mechanism in 
which the FMN-N(5) proton is directly abstracted in an imidazole-induced base-catalysed 
mechanism. Thus, we propose that the imidazole base accesses the vicinity of the FMN 
binding site, with particularly high efficiency in the light state (Figure 7b), via the channels 
leading to the C4=O cavity. Imidazole within this cavity does not disturb FMN binding, as 
FMN is neither released nor significantly altered in its spectral properties of the light and dark 
state UV/Vis absorption spectra up to 1 M imidazole at room temperature. Imidazole is in fast 
equilibrium between the inside and the outside of this cavity, which explains the linear 
imidazole concentration dependence. If specific binding occurs in this cavity its Kd should be 
of the order of several molar. Because imidazole acts on FMN from a few Å distance, the 
base-catalysed reaction is assumed to be fast and efficient. In this context, a likely mechanism 
of base-catalyzed adduct rupture can be considered as outlined below. 
 
Ionic mechanism (concerted). 
The imidazole base presumably catalyses the dark recovery by direct proton abstraction of the 
FMN N(5) (competing with the H-bonded Gln 1029, phy3LOV2 numbering) which leads to 
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the formation of a negatively charged adduct state intermediate, FMN C(4a)sp3(-)_S-Cys, and 
a positively charged imidazole (ImH2+, acidic form). 
(i) First, the lone pair of the N-atom of imidazole will attack the proton of the N(5) atom 
and bind it (Figure 7b). The mechanism can also be concerted leading to a hydrogen bonded 
imidazole to the FMN N(5)-H bond creating an electropositive ImH---H base and an 
electronegative Cys-S-C(4a)-N(5) conjugated network where the sulphur attracts the electrons 
as proposed by Swartz et al., 2001. 
(ii)  Second, the electrons of the N(5)-H bond will then form a double bond between N(5) 
and C(4a), which (iii) in turn will lead to disruption of the C(4)-S bond and formation of the 
thiolate anion (Figure 7c). These events likely induce a reversible switch of the Gln, which H- 
bonds back to FMN C(4)=O. (iv) The last step then is protonation of the Cys anion by the 
protonated imidazole, regenerating both the non-covalently bound oxidized FMN and the 
imidazole base (Figure 7d).  
The imidazole effect on AsLOV2 confirms that the proton transfer step is the rate-limiting 
step of the dark recovery reaction (8), (38). Thus, by accelerating the rate-limiting step of the 
recovery reaction, the presence of the imidazole base leads to such a drastic increase in its rate 
of dark recovery. 
 
pH titration of the adduct decay rate of AsLOV2. 
Regarding the high efficiency of the imdazole base-catalysed dark recovery of AsLOV2 
domain, the question arises whether also histidine residues in the native structure can act as 
base catalysts of the dark recovery reaction. To investigate the involvement of histidine 
residues in the thermal recovery of AsLOV2, we performed a pH titration of the dark 
recovery time constant (Figure 8). The pH titration was already reported by Corchnoy et al. 
and was found to exhibit a pKa of 6.8 (38). We repeated these experiments to verify our 
experimental conditions. The titration curve between pH 6.4 and 11.5 was best fitted using 
two pKa-values, with a first pKa of 7.2 with associated amplitude of 0.8 and a second pKa of 
11.2 with an amplitude of 0.2. The first pKa of 7.2 compares well with the value of 6.8 
reported by Corchnoy et al.(2003), and can be assigned to a histidine residue or the FMN 
phosphate group, although it is quite high compared to the pKa of phosphate of 6.2 in 
solution. The second pKa was not resolved in the previous study, where the titration stopped 
below pH 10. It represents a crude estimate, considering the fact that the pH range >11.5 was 
not accessible because of the limited stability of the protein. The second pKa may tentatively 
be assigned to deprotonation of the N3 atom of FMN, which has a pKa of 9.75 in solution (39) 
and shifts to about 11 in AsLOV2 (8). The dark recovery time constant speeds up by a factor 
of 2, going from 50 s at pH 6.4 to 25 s at pH 9.5, comparing well with previously reported 
data (38).  
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Figure 8: pH titration of the dark recovery time constant of AsLOV2 in the pH range 6.4 to 11.5. The 
data has been fitted using a double pKa Henderson-Hasselbalch equation (black line). 
 
Histidine as an intrinsic base catalyst in AsLOV2: Chemical modification of histidine 
residues by diethylpyrocarbonate (DEPC). 
One can wonder whether the positioning of histidine residues within the PAS fold and the 
stabilisation of their protonated state e.g. acidic (inactive) or basic (active) can tune the dark 
recovery rate. To address this question we performed a measurement of the dark recovery rate 
as a function of pH and we chemically modified the two conserved (among the phot1/2 LOV2 
family) surface-exposed histidine residues of AsLOV2 (His 1011 and 1035, phy3LOV2 
numbering) by incubation with an excess of the histidine specific reagent DEPC (40). At pH 
8, the recovery time constant is 30 s in the absence of DEPC and 65 s in the presence of 5 
mM DEPC, demonstrating a significant effect that may be attributed to histidine modification 
(Figure 2, supporting information). We can now make a quantitative relation between the total 
thermal recovery rate kth in the absence of DEPC, the rate of adduct rupture mediated by 
processes other than base catalysis kother after DEPC inactivation, and the histidine-mediated 
base catalysis rate kHBC and via the relation: 
 
kth = kHBC + kother 
 
This experiment indicates that the rate of histidine-mediated base catalysis kBC at pH 8 
amounts to kHBC = (30 s)-1 – (65 s)-1 = (55 s)-1 where about 92% of histidine molecules are in 
the basic active form. A good correlation is found between the pH-titration and the histidine 
inactivation experiment in the sense that plotting the fraction of histidines in the basic form as 
a function of the decay time constant gives a linear function which extrapolates to 62 s for 0% 
of the basic form (data not shown). The predicted time constant of 62 s for 0% of the basic 
form of histidine is close to 65 s when all histidines are inactivated by DEPC, and indicates 
that a molecular process other than histidine-mediated base catalysis contibutes significantly 
to the total thermal decay rate of the adduct in AsLOV2 by a rate constant kother = (65 s)-1. In 
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addition, the linear behaviour of that latter plot confirms that only one pKa is observable 
around 7, leading to the conclusion that only one of the two histidines is active, or that the 
two have about the same pKa. This experiment allows us to estimate the contribution of 
histidine residues in the catalysis of thermal adduct decay, showing that as in the case of 
exogeneously added imidazole, the basic form of histidine constitutes the base catalyst in this 
reaction. 
Thus, as proposed by Swartz et al. (2001), at least in AsLOV2, base catalysis can take place 
from surface exposed histidine residues to the FMN, localised 12 Ǻ away, via a postulated 
hydrogen bonding network between base, chromophore, and intraproteineous water 
molecules. The relatively low efficiency (factor of 2 only) of the histidine-base catalysed 
mechanism in AsLOV2 can be explained in terms of distance, as suggested by the imidazole 
effect which increases the decay rate by at least three orders of magnitude when used as an 
exogenous ligand acting in the FMN vicinity. 
 
 
CONCLUSIONS 
 
Imidazole greatly enhances the thermal decay rate of the covalent adduct in several LOV 
domains, such as A. sativa phot1-LOV2, Adiantum phy3LOV2 and Chlamydomonas phot-
LOV2, extending its action on LOV domains from plants to green algae. The general base-
catalysis mechanism for imidazole, or an imidazole side chain, as proposed for the process 
studied here is supported by a strong precedent for exogenous imidazole acting as a general 
base catalyst for example in AppA and in the rescue of the activity of histidine mutations of 
bacterial luciferase (H44A) and horseradish peroxidase (H42A). Furthermore, evidence is 
available for the role of imidazole, or an imidazole side chain, as a general base in RNA 
cleavage reactions (41). The imidazole effect on LOV- and BLUF-domain containing 
photoreceptors shows that basic residues and especially histidines can be involved in the 
tuning of the thermal recovery rate of the adduct-containing signalling state. The extent of 
acceleration of the recovery rate using imidazole renders possible the application of time 
resolved techniques which require relatively fast repetition rates, such as FTIR step-scan 
spectroscopy, which is presently under investigation in our laboratory. 
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Figure S1: Dark-state recovery time-constant of AsLOV2 plotted as a function of protein concentration 
in presence of 0.1 mM imidazole. The dashed line represents the linear fit of the data. 
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Figure S2: At pH 8, the recovery time constant of AsLOV2 is 30 s in the absence of DEPC and 65 s in the 
presence of 5 mM DEPC, demonstrating a significant effect that may be attributed to histidine 
modification. 
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SUMMARY  
Living organisms exposed to Sunlight have developed special photoactive proteins, light 
harvesting complexes and photoreceptors, to convert the photon energy into chemical energy 
and language, respectively. Photosynthetic organisms are dependent on sunlight for 
photosynthesis and use antennas protein-pigments complexes to harvest light. Using 
photoreceptors they have the ability to sample the surrounding light environment and use this 
information to optimize their growth, development and motility.  
In this thesis three different photoactive proteins have been studied. (i) The Peridinin 
Chlorophyll Proteins (PCPs) from the dinoflagelattes (photosynthetic eukaryotic planktons) 
Amphidinium carterae and Heterocapsa pygmaea are very efficient soluble light harvesting 
antennas which contain a limited number of pigments. They constitute an excellent model 
system to study the mechanism of photoprotection via the chlorophyll triplet quenching by 
carotenoids (Chapter 2 and 3). (ii) The Orange Carotenoid Protein (OCP) from the 
cyanobacterium Synechocystis is a newly discovered photoreceptor which triggers 
photoprotection under light-induced stress conditions by dissipating excess absorbed energy 
as heat (Chapter 4). (iii) The LOV2 domain of plant phototropin 1 is a photoreceptor 
responsible of plant responses to blue light. It serves to maximize photosynthetic potential in 
weak light and act to prevent damage to the photosynthetic apparatus in excess light. These 
responses include phototropism, the bending movement of plants towards a light source, 
light-induced stomatal opening and chloroplast movement to changes in light intensity 
(Chapters 5, 6, 7 and 8).  
Photoactive proteins contains pigments (chromophore) embedded in a protein matrix. 
The main technique used in this thesis is vibrational spectroscopy which allows the 
characterization of the molecular vibrations of the chromophore and/or the protein under 
study. Such techniques can achieve an atomic resolution and reveal great details of reaction 
mechanisms such as subtle changes in chromophore electronic structure, strength of single 
hydrogen bonds and protein secondary structure changes. Among the different vibrational 
spectroscopic techniques used in this thesis, some of them are complementary. While 
fluorescence line narrowing (FLN) and resonance Raman (RR) spectroscopy have afforded 
specific vibrational information about the FMN chromophore within the photoactive protein 
Avena sativa LOV2 (AsLOV2) in the dark state, differential Fourier-Transform Infrared 
(FTIR) spectroscopy have allowed the recording of both chromophore and protein vibrational 
modes involved in its photoreaction from a dark to a long-lived light state. Using time-
resolved infrared differential spectroscopy, such as ultrafast and step scan infrared 
spectroscopy, the vibrational signature and the dynamics of unstable and short-lived reaction 
intermediates such as singlet and triplet excited states have been obtained.  
In Chapter 2 we have investigated the interaction of carotenoid and chlorophyll triplet 
states in the peridinin–chlorophyll a–protein of Amphidinium carterae (A-PCP) using step-
scan Fourier-transform infrared spectroscopy. The results have shown a dependency on the 
excitation wavelength, which implied that the peridinin triplets (3Per) are formed via two 
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different pathways. Surprisingly, we observed that Per and Chl-a modes are simultaneously 
present during the 3Per decay, implying a significant involvement of 3Chl-a in the 3Per state. 
To extend our study on A-PCP, the triplet-state dynamics in H-PCP from Heterocapsa 
pygmaea and Chl-a/Per mixtures in organic solvent were studied in Chapter 3. We observed 
that the infrared spectrum of the 3Per in H-PCP closely matches the principal 3Per component 
of A-PCP, implying that also in H-PCP the peridinin triplet state is shared with Chl-a. In a 
mixture of Chl-a and Per in THF, 3Chl-a and 3Per differential infrared spectra were obtained. 
The specific carbonyl frequencies of 3Per and 3Chl-a in THF have confirmed our previous 
assignment of their co-existence in the infrared spectra of H-PCP and A-PCP. We concluded 
that in PCPs there is a significant involvement of the 3Chl-a in the 3Per and that this “sharing” 
effect is responsible for the conspicuous Qy bleach in visible T-S spectra, of which the exact 
nature was previously unclear. Consequently, we proposed that the formation of the 
delocalized Per-Chl-a triplet state likely lowers the triplet energy and thus provides a general 
photoprotection mechanism for light-harvesting antenna complexes. On the other hand, this 
triplet sharing effect may be a direct consequence of the very efficient TEET observed in 
eukaryotes which require the carotenoid and the chlorophyll to be in close contact. 
Importantly, our observations cannot be rationalized in terms of a Dexter-type triplet-triplet 
energy transfer mechanism, as in such case the triplet state is strictly localized on a single 
pigment. 
Chapter 4 focuses on the discovery of a new member of the family of photoreceptor 
proteins, the Orange Carotenoid Protein (OCP). It is the first characterized photoreceptor 
which contains a carotenoid as the photoresponsive chromophore. Upon illumination with 
blue-green light, the OCP undergoes a reversible transformation from its dark stable orange 
form to a red “active” form. We show that the red form is essential for the induction of a 
photoprotective mechanism and that illumination induces structural changes affecting both 
the carotenoid and the protein. Thus, the OCP is a photoactive protein which senses light 
intensity and triggers photoprotection. As intense sunlight is dangerous for photosynthetic 
organisms, cyanobacteria protect themselves from light-induced stress by dissipating excess 
absorbed energy, known as non-photochemical quenching (NPQ), using a blue-green light 
photoreceptor. In plants and cyanobacteria, the NPQ photoprotective mechanism is 
complementary to the chlorophyll triplet quenching mechanism studied in Chapter 2 and 3 as 
it opens an efficient decay channel for excitation which directly competes with chlorophyll 
triplet formation. 
 
The largest part of this thesis focuses on the molecular mechanisms of the photocycle 
of the blue-light photoreceptor AsLOV2 domain from plant. First, using RR, FLN and 
differential FTIR spectroscopy we show that in the AsLOV2 dark state the bound FMN has a 
physiologically relevant fine tuned electronic structure (Chapter 5). In chapter 6 the infrared 
signatures of the primary events of photoactivation of AsLOV2 have been probed by ultrafast 
infrared spectroscopy. Then the protein structural changes propagation upon photoactivation 
have been recorded, in Chapter 7, using low temperature and hydration differential FTIR 
spectroscopy. At last a mechanism for dark state recovery is proposed Chapter 8.   
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In Chapter 5 we applied FLN, RR and FTIR spectroscopy to investigate the electronic 
structure of FMN bound to Avena sativa LOV2 (AsLOV2), its C450A mutant and Adiantum 
LOV2 (phy3LOV2). We applied FLN spectroscopy to Flavin-binding proteins for the first 
time. By comparing resonance Raman and FLN spectroscopy we demonstrated that FLN is 
the method of choice to obtain accurate vibrational spectra on highly fluorescent 
flavoproteins. In addition we found that the presence of the conserved reactive cysteine at less 
than 4 Å of FMN in LOV2 domains induces a quinoid character to the electronic structure of 
oxidized flavin. Thus, we propose that the quinoid character induced by the cysteine thiol on 
the oxidised FMN ground state of LOV2 domains is related to an increased ISC rate, leading 
to the observed fluorescence quenching in LOV domains. Such enhancement of the ISC rate 
is physiologically relevant as it promotes population of the reactive FMN triplet state from 
which the stable biological signalling state is generated through protein structural changes 
propagation outside the LOV2 domain to the kinase domain in phototropins.  
The primary reactions of the LOV2 domain of Avena sativa phototropin 1 (AsLOV2) 
have been studied in Chapter 6 with ultrafast mid-infrared spectroscopy. In the AsLOV2 
domain the singlet excited state decays into the triplet state with a lifetime of 1.5 ns and a 
yield of ~50%. It is of note that the short singlet excited state lifetime of 1.5 ns is due to the 
increased ISC rate which molecular mechanism is described in Chapter 5. We observed that 
in the excited state the C=O and C=N bonds of the isoalloxazine moiety acquire single bond 
character, as revealed by a downshift of their respective stretch modes, of about 50 cm-1. The 
obtained infrared signature of the triplet state in the AsLOV2 domain is consistent with a bi-
radical, with unpaired electron density concentrated on N1 and N5, such that N5 is more basic 
than N1 and remains non-protonated at the nanosecond timescale. We proposed that the 
increased basicity of N5 likely constitutes a significant factor for the advancement of the 
reaction in which the adduct is formed. In addition, by comparing ultrafast mid-infrared and 
differential FTIR spectroscopy in the carbonyl region in both H2O and D2O, we concluded 
that in the dark state, FMN in a singly- and a doubly H-bonded conformation at the C(4)=O 
site co-exist, with stretch frequencies at 1714 and 1694 cm-1, respectively. This finding likely 
explains the splitting of the 475 nm band in the UV/Vis spectra of LOV domains at low 
temperature and may have some mechanistic implications as it confers H-bonding flexibility 
around the C(4)=O.  
The cascades of protein structural changes upon adduct formation leading to the 
disruption of the interaction between the LOV2 domain and a helical segment named Jα have 
been studied Chapter 7. To this end, we have studied the effects of temperature and hydration 
on the light triggered signal propagation in AsLOV2/Jα using FTIR spectroscopy. The 
disrupted Jα helix, joining the LOV2 to the kinase domain, induces subsequent kinase activity 
of phototropin 1 and further downstream signal transduction. AsLOV2/Jα shows a 
particularly intense signal in the Amide I and II regions arising mainly from β-sheet changes 
and unbinding of the Jα helix from the PAS core and its subsequent partial unfolding. 
Importantly, we show that these structural changes only occur under conditions of full 
hydration and at temperatures above 280 K. We characterized a newly isolated low-hydration 
intermediate, which shows tightening of the loops without complete Jα unfolding, suggesting 
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that this loop-tightening is the last event before strong β-sheet changes are followed by a large 
Jα motion. In this chapter we then propose a new-pathway of sequential secondary structural 
changes which lead to the physiological signal upon adduct formation.  
In LOV domains the covalent adduct thermally decays to regenerate the D447 dark 
state, with a rate that may vary several orders of magnitude between different species. In 
Chapter 8 we report that the imidazole base can act as a very efficient enhancer of the dark 
recovery of A. sativa phot1-LOV2 (AsLOV2) and some other well characterised LOV 
domains. Imidazole accelerates the thermal decay of AsLOV2 by three orders of magnitude in 
the sub-molar concentration range, via a base-catalysed mechanism involving base abstraction 
of the FMN N(5)-H adduct state and subsequent reprotonation of the reactive cysteine. The 
LOV2 crystal structure suggests that the imidazole molecules may act from a cavity located in 
the vicinity of the FMN, explaining its high efficiency, populated through a channel 
connecting the cavity to the protein surface. In addition we have shown that histidines located 
at the surface of the LOV domain act as base catalysts via an as yet unidentified H-bond 
network.  
 
OUTLOOKS  
 
The work presented in the first part of this thesis (Chapter 2 and 3) gives a new understanding 
of the photoprotection mechanism in light harvesting complexes through chlorophyll triplet 
quenching by carotenoids in eukaryotes. In addition, it explains the “interaction band” 
previously observed using visible flash photolysis techniques and usually interpreted as 
arising from a Stark effect. During my PhD, I also obtained data on plant LHCII and the 
fucoxanthin-chlorophyll-protein (FCP) of brown alga, which indicated that in these 
complexes a similar “triplet sharing” effect takes place. All together, these results strongly 
suggest that this effect is ubiquitous in photosynthetic eukaryotes, which would imply that the 
mechanism of triplet-triplet energy transfer in oxygenic photosynthesis, hitherto assumed to 
be Dexter-like, needs to be revisited. In addition, because a similar “interaction band” in the 
UV-vis has been observed in bacterial LH complexes, it will be interesting to investigate such 
effects in prokaryotes. 
In Chapter 4 it has been demonstrated that OCP is a new photoreceptor which triggers 
photoprotection in cyanobacteria. To disentangle the molecular mechanism involved in the 
formation of the physiologically relevant red form, it will be of interest to study OCP 
photoconversion as a function of temperature by FTIR spectroscopy or in a time-resolved 
fashion using step scan spectroscopy. OCP and AsLOV2 bind different chromophores but 
share some structural similarities. Comparing their protein structural change propagation 
pattern could tell if the way to generate a physiological signal from a photon input is 
conserved from cyanobacteria to plants.  
In the second part of this thesis, most of the molecular mechanisms involved in the 
AsLOV2 photocycle have been characterized. In Chapter 6, the infrared signature of the FMN 
triplet state has been obtained and Chapter 7 the propagation of the protein structural changes 
have been studied. However several questions remain unanswered: (i) from which 
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intermediate the adduct formation takes place, a protonated triplet state or a semiquinone 
radical? (ii) what are the intermediates of the protein structural change propagation and their 
lifetimes? (iii), are they similar to the cryotrapped metastable intermediates? By performing 
step-scan FTIR spectroscopy one could get such answers. As described in Chapter 8, the 
imidazole base acts as a very efficient enhancer of the dark recovery and could be very 
helpful to perform step-scan FTIR, as this technique requires extensive signal averaging. 
Unfortunately, we found that in concentrated protein solutions required for FTIR experiments, 
imidazole induces a long-lived FMN semiquinone radical under illumination. The yield of 
semiquinone formation in such conditions is only a few percent, and trying different 
imidazole analogs in combination with a Lissajous scanner which ensures sample refreshment 
after each laser shot could render this experiment feasible.  
The main project of this thesis aimed at getting detailed information about the 
molecular mechanism of AsLOV2/Jα. From a fundamental point of view, such information 
will contribute to understand the mechanism of light regulated processes in living organisms. 
From an applied point of view they are of great interest for the design and optimisation of 
artificial light-regulated modular proteins. Recently, a light activated DNA binding modular 
protein has been designed using AsLOV2/Jα as a light-sensitive input module coupled to a 
trp repressor (TrpR) output module, a bacterial transcription factor (Strickland et al., PNAS 
2007). The AsLOV2/Jα−ΤrpR construct shows a higher affinity for DNA under illuminated 
conditions, triggered by the unfolding of the Jα helix following adduct formation of LOV2. 
These results suggest that with appropriate design, it may be quite straightforward to design 
photoactive switches in which LOV domains are coupled to a large number of diverse output 
domains. 
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SAMENVATTING  
Fotosynthetische organismen zetten de energie van fotonen om in chemische energie teneinde 
hun cellen aan te drijven. Ze optimaliseren hun lichtabsorptie door gebruik te maken van 
antennes bestaande uit pigmenten gebonden aan speciale eiwitten. Fotoreceptoren zoals de 
fototropines zijn efficiënte moleculaire machines die betrokken zijn bij de regulatie van 
fotomorfogenetische processen en dienen om de fotosynthetische efficiëntie te optimaliseren 
en de groei te bevorderen. Echter, overdadig zonlicht vormt een belangrijke stressfactor. 
Tijdens de evolutie hebben fotosynthetische organismen verschillende fotobeschermende 
strategieen ontwikkeld om met dit probleem om te gaan. Om fotobeschadiging te voorkomen 
en te verminderen maken fotosynthetische organismen gebruik van caroteen-moleculen in 
combinatie met fotoreceptor-eiwitten. Het onderzoek in dit proefschrift getiteld 
“Photoprotective and light sensing mechanisms in photosynthetic organisms revealed by 
vibrational spectroscopy” betreft in het eerste deel (hoofdstuk 2 en 3) nieuwe 
fotobeschermende mechanismen in eukaryotische lichtverzamelcomplexen in de primaire 
processen van de fotosynthese waarbij carotenen betrokken zijn. Onze observaties kunnen 
niet met het klassieke Dexter-type triplet-triplet energie-overdracht mechanisme 
gerationaliseerd worden; een nieuwe theorie is nodig om zulke fotoprotectieve gebeurtenissen 
te kunnen beschrijven. In hoofdstuk 4 wordt een nieuwe fotoreceptor beschreven, het oranje 
caroteen-eiwit, dat een fotobeschermingsproces in cyanobacterieen initieert. De tweede deel 
van dit proefschrift (hoofdstukken 5, 6, 7 en 8) legt zich toe op de moleculaire mechanismen 
van de fotocyclus van de blauw-licht fotoreceptor fototropin 1 LOV2 uit haver (Avena 
sativa). Dit onderzoek draagt in belangrijke mate bij aan de inzichten in de mechanismen van 
licht-gereguleerde processen in levende organismen. Vanuit het oogpunt van technologische 
toepassingen is dit onderzoek van groot belang voor het ontwerpen en optimaliseren van 
artificiële licht-gereguleerde modulaire eiwitten. 
 
SAMENVATTING (ENGLISH VERSION) 
Photosynthetic organisms collect as much light as possible using an antenna made up of 
pigments attached to special proteins to transform it into chemical energy, powering the cell. 
Photoreceptors, such as phototropins, are efficient molecular machines involved in the 
regulation of photomorphogenesis that serve to optimize the photosynthetic efficiency and 
promote growth. However, excessive light intensity constitutes a source of stress. During the 
course of evolution, to cope with this problem, photosynthetic organisms have developed 
several efficient photoprotective strategies. In order to reduce photodamage photosynthetic 
organisms make use of carotenoid molecules in combination with photoreceptors. The 
research presented in this thesis entitled “Photoprotective and light-sensing mechanisms in 
photosynthetic organisms revealed by vibrational spectroscopy” describes in its first part 
(chapters 2 and 3) new carotenoid-related photoprotection mechanisms in eukaryotic light 
harvesting complexes involved in the primary processes of photosynthesis. Our observations 
cannot be rationalized in terms of the classical Dexter-type triplet-triplet energy transfer 
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mechanism implying that a new theory is required to describe such photoprotective events. In 
chapter 4 we report the discovery of a new photoreceptor, the orange carotenoid protein 
which triggers photoprotection in cyanobacteria. The second part of this thesis (chapters 5, 6, 
7 and 8) focuses on the molecular mechanisms of the photocycle of the blue light 
photoreceptor phototropin 1 LOV2 domain from oat (Avena sativa). Such investigations will 
contribute to understand the mechanism of light regulated processes in living organisms. 
From an applied point of view they are of great interest for the design and optimisation of 
artificial light-regulated modular proteins.  
 
 
 
Acknowledgements  
 
 187
ACKNOWLEDGEMENTS  
 
First of all, I would like to express my sincere gratitude to Bruno Robert for introducing me to 
the photosynthesis world during my master thesis. Working with you has always been a 
pleasure. You haven’t stopped to surprise me by your contagious enthusiasm, curiosity and 
interest for science from the first minute I met you. It is to a large extent because of you that I 
have come to the Biophysics group in Amsterdam. I warmly thank you for putting some faith 
in me and convinced me that I could do a PhD when I, myself, doubted about it. I am glad 
that we could collaborate during my PhD to do Raman on the LOV domains and ending up 
publishing the first FLN paper on flavins.  
 
I wish to thank Rienk van Grondelle for giving me the opportunity to pursue doctoral research 
in his group. I really enjoyed your original and friendly way to interact with students. I have 
been impressed by the sharp, constructive and amazing comments about my work given in 
five minutes …. that usually took me few days to finally understand. Thank you for the 
freedom that you gave me to realise my work in your group.  
 
I gratefully thank John for giving me the opportunity to find my own way in the labyrinth of 
the photoprotective and photosensory world. Your comments and remarks on my work have 
always been very helpful. Thank you for the great improvement of my papers and the patience 
that you had to deal with my ‘Proust like style Franglish’ writing.  
 
I thank Klaas Hellingwerf. You have been a great collaborator always very interested and 
curious about my work. Many thanks for letting me purify some LOV domains in your lab 
and finally finding the imidazole effect. It was very stimulating to work with you and I still 
wonder how you manage to ask so many interesting questions on every topics.  
 
Thank you Diana. Working on the OCP with you was very interesting and motivating. Few 
days after you arrived in the lab with this strange protein we figured out that it looks, it 
smells, it jumps like a photoreceptor then it must be a new class of carotenoid-binding 
photoreceptor. What an amazing and exciting experience! 
 
Jos, I am still wondering what my thesis would have been without your help and support in 
the lab…. maybe an introduction followed by blank pages! Interacting with you has always 
been a great pleasure, always smiling and willing to help when I was asking your help for the 
fifteenth time in a day! For a PhD it is a chance to have someone like you around in the lab. 
Thank you very much for your help and your good mood.   
 
Cosimo, my friend, we did nearly all our PhD together. During the first years, before you 
decided to settle down and start a Dutch-based Italian family, exploring Amsterdam by night 
with you was a very fun experience. I really enjoyed working together with you in the lab and 
hanging out at the conferences. Your occasional bursts of stress helped me to stay awake 
during the long nights of measurements. Thanks for that as well! I think we made a good 
team, you teaching me some physicist secrets while I gave you some biochemist tips. The 
combination of your rigorous way of working with my messy one proved to be efficient. I am 
glad that we finally wrote some papers together. I wish you good luck with the end of the PhD 
and your scientific career in Amsterdam.  
 
Acknowledgements  
 
 188 
Daniel, I basically started my PhD under your “supervision” working on the step-scan set-up. 
Working with you was fun and relaxing. We have together discovered the joy of step scan 
especially the one people experience when it does not work properly or at all! I really 
appreciated and learned a lot from our endless scientific discussions trying to figure out why 
this moody set-up does not function right. But we finally made it works! And then new 
endless discussions have followed about the mysterious PCP signals that we finally obtained. 
It was an exciting and motivating experience when we were for at least a year the only two 
“freaks” in the group believing in the unconventional Per/Chl-a triplet sharing effect. By 
publishing these data I hope that we finally succeeded to make this idea convincing.  
 
Olga, working with you was a real pleasure. You taught me the basic of Russian philosophy 
which may apply to both science and life. I appreciated your calm and patience together with 
your sharp scientific skills. When we started to do some FTIR I still remember myself trying 
to explain the un-understandable behavior of your POR protein. I think that we achieved some 
quite good works together and I still have a hard time to realize that we produced data 
published in Nature using this moody step-scan set-up together with this crazy POR protein.  
 
Toh, working with you on some BLUF and LOV domains with the visible pump-probe set up 
was a nice experience. I enjoyed your enthusiasm for science and life in general. Your infinite 
patience will always surprise me. When getting fed up to align the set-up I was going out of 
the room for one (or two) coffee, coming back I found you still touching the same mirror 
screw claiming that it is not perfect yet …. Keep the “zen” attitude and good luck with the end 
of your PhD.  
 
Mikas after you left, from time to time I was still hearing your laughs echoing through the 
hallway. Thanks for always willing to help in the lab. Manolis the PCP expert, I really 
enjoyed our fruitful discussions and thanks for sharing the un-publishable Raman data! 
Rudi that was nice to share the office with you and speak a bit of french from time to time. 
See you at the CEA! Danielis, Kinga, Sofia, Lavanya, Elisabet, Mariangela, Kate and Jason 
that was great to have you around always ready for a drink or a good party. 
Jason many thanks for your advises about the imidazole effect and your help with the 
pymol/caver figure. Ivo, many thanks for your kindness, for always finding a time slot to 
discuss the data and for helping me with your crazy but brilliant software.   
Luuk and Marloes thanks for your introduction and help on the femto-IR. Jan thank you for 
giving me the opportunity to give some laser remote sensing practicals and more especially to 
go to Lanzarote! Henny, thank you for the biochemical tricks and your help in the lab. 
Sandrine I thank you for the LOV domains you made for me, your always good mood and the 
great time we had in Amsterdam.  
Thomas, Andy, Alisa, Alessandro, Tjaart the young generation, I wish you all the very best 
for the rest of your PhD. Stefan thanks a lot for the translation of the Dutch summary. 
Guillaume, my old friend, thank you very much for the design of the cover. 
Isabelle, thank you so much for always being here for me.  
Stephan, I would like to thank you for all the nice moments that we have shared, the very 
good food, for enjoying my chocolate cakes and for your friendship.  
 
Finally I would like to thank my family and friends for being so supportive and make me feel 
at home when I was back in France. 
Publications 
 
 189
LIST OF PUBLICATIONS  
Articles  
(1) Olga A. Sytina, Derren J. Heyes, C. Neil Hunter, Maxime T. Alexandre, Ivo H. M. van 
Stokkum, Rienk van Grondelle & Marie Louise Groot. “Conformational changes in an 
ultrafast light-driven enzyme determine catalytic activity”, Nature, 2008 (in press). 
(2) Wilson A, Punginelli C, Gall A, Bonetti C, Alexandre M, Routaboul JM, Kerfeld CA, 
van Grondelle R, Robert B, Kennis JT, Kirilovsky D. “A photoactive carotenoid protein 
acting as light intensity sensor”, Proc Natl Acad Sci U S A. 2008 Aug 19;105(33):12075-80. 
(3) Toh KC, van Stokkum IH, Hendriks J, Alexandre MT, Arents JC, Perez MA, van 
Grondelle R, Hellingwerf KJ, Kennis JT. “On the signaling mechanism and the absence of 
photoreversibility in the AppA BLUF domain”, Biophys J. 2008 Jul;95(1):312-21.  
(4) Wijma HJ, Macpherson I, Alexandre M, Diederix RE, Canters GW, Murphy ME, 
Verbeet MP. “A rearranging ligand enables allosteric control of catalytic activity in copper-
containing nitrite reductase.” J Mol Biol. 2006 May 12;358(4):1081-93. 
(5) Alexandre MT*, Lührs DC*, van Stokkum IH, Hiller R, Groot ML, Kennis JT, van 
Grondelle R. “Triplet state dynamics in peridinin-chlorophyll-a-protein: a new pathway of 
photoprotection in LHCs?” Biophys J. 2007 Sep 15;93(6):2118-28. *(shared first authorship). 
(6) Bonetti C.*, M.T.A. Alexandre*, R. Hiller, J.T.M. Kennis and. R van Grondelle. "Chl-a 
triplet quenching by Peridinin in H-PCP and organic solvent revealed by step scan FTIR time 
resolved spectroscopy.” Chemical Physics, 2008 (in press). *(shared first authorship). 
(7) Maxime Alexandre, Rienk van Grondelle, Klaas Hellingwerf, Bruno Robert and John 
Kennis. “Perturbation of the ground-state electronic structure of FMN by the conserved 
cysteine in phototropin LOV2 domains.” Phys. Chem. Chem. Phys., 2008 (in press). 
(8) Maxime T.A Alexandre, Cosimo Bonetti, Luuk J.G.W. van Wilderen, Rienk van 
Grondelle, Marie Louise Groot, Klaas J. Hellingwerf and John T. M. Kennis. “Primary 
reactions of the LOV2 domain of phototropin studied with ultrafast mid-infrared 
spectroscopy.” Accepted for publication in Biophy. J. 
(9) Maxime T.A. Alexandre, Rienk van Grondelle, Klaas J. Hellingwerf, John T.M. Kennis. 
“Conformational heterogeneity and propagation of structural changes in the LOV2/Jα domain 
from Avena sativa phototropin 1 as recorded by temperature-dependent FTIR spectroscopy.” 
Biophy. J. (submitted) 
Publications
 
 190 
(10) Alexandre MT, Arents JC, van Grondelle R, Hellingwerf KJ, Kennis JT. “A base-
catalyzed mechanism for dark state recovery in the Avena sativa phototropin-1 LOV2 
domain”, Biochemistry. 2007 Mar 20;46(11):3129-37. 
(11) Maxime T.A. Alexandre, Erin B. Purcell, Toh KC, Rienk van Grondelle, Sean Crosson 
and John T.M. Kennis. “Spectroscopic characterization of the full-length bacterial LOV 
histidine-Kinase from Caulobacter crescentus.” (2008), in preparation.   
(12) Maxime T.A. Alexandre, Rienk van Grondelle, Klaas J. Hellingwerf, John T.M. 
Kennis. “Semiquinone formation in phot1-AsLOV2 domain studied by FTIR spectroscopy” 
(2008), in preparation. 
 
Book Chapters  
(1) J.T.M. Kennis, M.T.A. Alexandre “Mechanisms of light activation in flavin-binding 
photoreceptors.” In Flavins: photochemistry and photobiology, (eds. E. Silva and A.M. 
Edwards) Comprehensive Series in Photochemical and Photobiological Sciences vol. 6 
(Series eds. D.P. Haeder and G. Jori), RSC Publishing, Cambridge, UK, 2006, pp. 287-319 
(2) Cheryl A. Kerfeld, Maxime Alexandre and Diana Kirilovsky.“The orange carotenoid 
protein of cyanobacteria.” In : Carotenoids, Physical, Chemical and Biological Functions and 
Properties. ed. Landrum. Taylor and Francis Group. 2008 In press  
(3) Johnny Hendriks, Michael A. van der Horst, Toh Kee Chua, Marcela Ávila Pérez, Luuk J. 
van Wilderen, Maxime T.A. Alexandre, Marie-Louise Groot, John T. M. Kennis and Klaas 
J. Hellingwerf (2008) “Photoreceptor Proteins from Purple Bacteria.” In: Hunter CN, Daldal, 
F, Thurnauer MC, and Beatty JT (eds) The Purple Phototrophic Bacteria. Advances in 
Photosynthesis and Respiration, Vol. 28, pp. 811–837, Springer, Dordrecht, The Netherlands. 
  191
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 192 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
